Imaging and fluid flow measurements of reservoir cap rock and ceramic analogues by Welch, Nathan James
Imaging and Fluid Flow Measurements of
Reservoir Cap Rock and Ceramic Analogues
A dissertation submitted in fulfillment of the requirements
for the degree of
Doctorate of Philosophy
of Imperial College London
Written by
Nathan James Welch
Qatar Carbonates and Carbon Storage Research Centre
Department of Chemical Engineering
Imperial College London
2016
1
Abstract
The study of reservoir seal formation characteristics is vital to the success of carbon
sequestration projects. The unique properties of these formations allows for the safe
long-term storage of carbon dioxide. These intrinsic properties also give rise to numer-
ous experiment complexities outside of the realm of traditional core characterization
techniques. Samples were obtained to represent the main classes of cap rocks; shales
from both a quarry in the UK and a Spanish carbon storage pilot site, anhydrite from
UK extraction mines, and a evaporite sample from a reservoir located in the Middle East.
An apparatus has been constructed capable of measuring the permeability and cap-
illary threshold pressure of reservoir cap rocks. The pressure decay technique was used
to measure the permeability relationship of clay-rich and evaporite samples with vary-
ing applied stresses was measured. Unique trends are observed for each geologic sample
exhibiting minimums in permeability. The initial reduction of permeability as effective
pressure was increased was due compaction and the subsequent increase at high stresses
was due to the opening of micro-fractures. The capillary threshold pressures of each
sample were determined using three different techniques. A novel technique takes advan-
tage of the pressure decay permeability measurements technique in quantifying extremely
small fluid volumes during initial sample drainage. Capillary threshold pressures were
shown to also be dependant on applied system stress. The capillary threshold pressure
was observed to decrease dramatically following the increase in permeability with further
increasing effective pressure.
Imaging capabilities were also explored, ranging from core scale to nanometre scale
techniques. Computerized micro-tomography was used in plug sample evaluation, and
in the observation of fractured system behaviour under varying stress. Scanning electron
microscopy paired with focused ion beam milling was used to extract the 3D pore space
of the ceramic allowing for permeability estimates from numerical simulations.
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Chapter 1
Introduction
1.1 Carbon Capture and Storage
It has finally been widely accepted within the global community that the continued
rise of atmospheric carbon dioxide levels has a direct impact on climates around the
world. The continued rise of carbon dioxide levels has been predicted to cause drastic
changes to numerous global systems impacting humanity such as weather, temperature,
water availability, and numerous other aspects. A summary of these impacts is well
reviewed in the Intergovernmental Panel on Climate Changes assessments produced in
periodic intervals [2]. Carbon capture and storage (CCS) refers to the collective global
community committed to the improvement and implementation of processes devoted to
the capture of carbon dioxide to reduce process emissions, and the safe long term storage
of carbon dioxide geologically or by other means. CCS continues to then be of high
priority in global political issues and the scientific community as means of mitigating
climate change. Numerous technologies have been invented that are in the process of
moving from laboratory scale to full implementation, but economic factors continue to
limit industry adoption [3]. Carbon dioxide sequestration processes also continue to be
investigated for improved efficiency and safety for wide-scale adoption.
Along with many storage options available, carbon dioxide has long been used for
enhanced oil recovery operations in the petroleum industry for increased production
17
from hydrocarbon reservoirs. Possibilities to use carbon dioxide for enhanced coal bed
methane production are also being investigated [4]. These options make carbon dioxide
sequestration operations economical in practice and thus much more attractive to major
cooperations. Usually about 5-40% of oil originally in a reservoir can be produced using
conventional methods of production [5]. An additional 7-23% can be produced using oil
miscible fluids including carbon dioxide [6].
The transportation of carbon dioxide from a carbon capture operation to a seques-
tration site alone has numerous factors that need to be optimized to obtain maximum
process efficiency. The density of the transported carbon dioxide can vary widely due to
the relatively low liquefaction pressure and critical point [7]. For sequestration operations
is it common practice to assume the use of liquefied or supercritical carbon dioxide in
order to take advantage of the increased storage volume in surface storage and subsurface
temperatures and injection pressures.
A majority of sites selected in the initial phase of geologic storage operations are
depleted oil reservoirs, depleted gas reservoirs, and saline aquifers. Depleted oil and gas
formations are initially appealing due to their proven storage capabilities on geologic
time frames from the initial formation of the hydrocarbon reservoir [8]. Saline aquifers
have also been considered for large scale storage potential, but have unproven storage
capabilities that need detailed assessment for safe, long-term storage of carbon dioxide [9].
It is from this stand point that this work has been driven in the determination of reservoir
cap rock properties necessary for carbon dioxide sequestration operations.
1.2 Carbon Dioxide Sequestration Principles
In each storage scenario, there are four main mechanisms considered that play a role in
the long term storage of carbon dioxide [10]. The most essential in early time frames is
injected carbon dioxide being held in place by the low permeability and high capillary
forces of the reservoir sealing formation. The next storage mechanism is the residual
trapping of carbon dioxide within the porous structure of the formation. This trapping
mechanism further increases storage stability as fluids are physically bound within the
pores of the reservoir, removing even the chance of underground currents from sweeping
carbon dioxide from the reservoir. This mechanism also has the potential of widely
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increasing the capability of proposed storage operations without the need of a intact
formation seal at all. The third mechanism involves the dissolution of carbon dioxide into
the formation fluids present within the reservoir. This dissolution is considered a safer
form of stored carbon dioxide due to the reduction of the secondary carbon dioxide phase
in the reservoir, decreasing the buoyancy forces present. The final storage mechanism is
the mineral trapping of carbon dioxide with the precipitation of new carbonate or similar
minerals. All of these storage capabilities are shown in tandem in figure 1.1 in terms of
storage security [11].
Figure 1.1: This figure shows the relative security of sequestered carbon dioxide for various
storage mechanisms [11].
1.3 Reservoir Cap Rock
Shales and evaporites make up a large portion of all sealing geologic features due to their
low permeabilities and porosities. Shales and certain ductile evaporites are excellent seal
formations as their ductile nature allows for a certain amount of deformation to occur
19
without fracturing. Over 60% of oilfields have been shown to have shale formations as
cap rocks, and over 25% of gas reservoirs have evaporites as seal rocks [12].
Seal rock integrity is integral to the success of any carbon dioxide storage project and
numerous measures are taken to ensure a formation’s cap rock is capable of withstanding
stresses placed on it during carbon dioxide sequestration operations. The integrity of
the sealing rock remains the primary storage mechanism in a reservoir until sufficient
time has passed for other storage mechanisms to take effect. It is because of this that
a substantial understanding of the effects of carbon dioxide on the sealing capacity of
reservoir cap rocks needs to be accomplished.
Leakage mechanisms around and through cap rock can be summarized into four ma-
jor categories: faults and/or fracture pathways through the cap rock structure, diffusion
losses from the chemical potential gradient across the cap rock into a less carbon dioxide
rich environment, leakage through a well previously drilled into the reservoir, and capil-
lary leakage after the capillary threshold pressure of the cap rock has been exceeded [13].
A thorough geological survey of the storage formation will initially be completed utiliz-
ing modern imaging and analysis techniques to assess formations for potential hazards.
Faults can also be detected through various reservoir characterizing techniques after a pi-
lot well has been drilled, and if any are detected, the project will be re-evaluated. Faults
and fractures may also be induced in cap rock through improper injection procedures,
but with proper analysis, the integrity of a reservoir’s cap rock should be preserved. Dif-
fusional losses cannot be avoided due to the ability of carbon dioxide to move through
most seal rock structures at some rate on the molecular level [14].
Capillary leakage is the result of exceeding the capillary entry and threshold pressure
within the cap rock’s pore structure. Capillary pressure is the main property that allows
for the long-term storage of carbon dioxide and hydrocarbons in underground reservoirs.
It is one of the most important parameters that needs to be evaluated, and is often
considered as one of the largest contributing factors in the maximum pressure allowable
within a sequestration reservoir.
The complete evaluation of any potential sequestration site relies on the analysis of
numerous properties of the full formation, and not the cap rock alone. The measurements
and analyses in this work would then be incorporated into predictive models developed
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to analyse the behaviour of the full formation. Well log measurements are often per-
formed through exploratory wells using measurement techniques to analyse larger scale
changes in formation rock properties and to begin developing an understanding of the
unique geometry and rock properties at certain locations within the field. The well log
measurements can then be combined with seismic measurements to identify certain for-
mation layers and potential areas of concerns within the reservoir. Similar regions from
well logs can then be used to develop regions of similar characteristics used in selecting
cores samples for laboratory measurements. Following core and plug measurements, sim-
ilar to those seen in this work, this data is then used to populate the predictive models
with expected fluid flow properties for both the reservoir host and seal formations for
better accuracy and injection operations optimization. It is from this overall viewpoint
of predicting reservoir behaviours that necessitates accurate laboratory measurements
for accurate predictive capability and the safe storage of carbon dioxide.
1.4 Evaluation of Reservoir Cap Rock Properties
The proper characterization reservoir cap rocks requires numerous experimental tech-
niques ranging from field scale formation interpretation all the way down to individual
pore scale fluid flow behaviour tests. Multiple scientific disciplines are involved in these
processes and the development of experimental techniques continues to provide more
accurate system predictions in shorter time frames [15].
A majority of the techniques employed for the characterization of reservoir cap rock
formations are direct analogues to those performed on reservoir storage formations, but
there are several important distinctions that cause numerous issues in these traditional
techniques. The low permeability of reservoir seal formations significantly reduces the
overall amount of fluid that can pass through a sample in a given amount of time. This
fluid flow reduction gives rise to extremely long experiment time frames for success-
ful traditional measurements [15]. In response, experiment techniques have continued
to develop to shorten the time required while maintaining high levels of accuracy and
precision. The capillary pressures in the seal formation samples are several orders of
magnitude higher than those of reservoir rocks. These large multiphase fluid interaction
forces combined with the low permeability of reservoir seal formations cause most multi-
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phase characterization techniques used in reservoir rocks to be extremely impracticable.
The measurement of these multiphase fluid flow properties using traditional techniques
can take a exceeding lond time in these systems [16]. Experimental techniques have then
continued to develop in these systems to generate feasible experiments for wide-scale
laboratory adoption [17].
Imaging techniques have recently continued to advance to confirm previous predictions
of pore scale fluid flow behavior, and have raised important issues where predictions have
fallen short [18–21]. The adaptation of imaging techniques used for reservoir host rock
samples is largely problematic due to the different length-scales required to image pore
bodies and throats in cap rock samples. Reservoir rock samples typically have pore body
and throat sizes ranging from mm to µm, whereas cap rock samples may have pores
down to nm in size important in fluid flow behaviour.
1.5 Conclusions
The continued development of carbon sequestration technologies along with many others
related to renewable energies and improved system efficiencies will allow for the improve-
ment of global energy systems that play an important role in human interaction with
the global environment. This context has motivated the work reported here on reservoir
cap rock characterization methods. Experiment difficulties are assessed and surmounted
using a newly developed experimental apparatus. Novel techniques are developed for
the continued improvement of current experimental methods. Imaging techniques are
employed spanning pore- to core-scale imaging for qualitative and quantitative analysis
of porous samples down to the nanometer length-scale. Numerical simulations are ap-
plied to improve predictive capabilities within the field, and for further understanding of
fluid flow behavior within cap rock systems. It is in all of this work combined that the
reservoir cap rock field of study will be able to continue to develop and improve.
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Chapter 2
Literature Review
2.1 Carbon Dioxide Site Selection
There are numerous reservoir characteristics that determine whether a subsurface reser-
voir is suitable for geologic storage of carbon dioxide. These ideal criteria are even further
restricted by local economic needs and geographic limitations. Large storage reservoirs
would also ideally be selected near large carbon dioxide producing sources in order to
avoid long transportation distances further increasing operation costs. The selection of
these sites is confounded even more in the social and political atmosphere surrounding
suitable reservoirs. A proper analysis of these aspects is far beyond the aims of this work,
but is continuously being pursued by those involved in project economics, and social and
political policy.
Once a potential reservoir is identified, several reservoir characteristics are ideal for
the success of any sequestration operation. The reservoir must have the capacity to
accept required amount of carbon dioxide, proper injectivity, and confinement capabilities
for the safe long-term storage of injected carbon dioxide [22]. A sufficient depth of
over 1 km ideal for the density increase of injected carbon dioxide is desired in order
to obtain the maximum storage benefit for potential storage volume. An additional
consideration to be made is the increased well drilling cost for deep wells that could make
most projects uneconomic at substantial depths over 2.5 km [23]. The general potential
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amount of carbon dioxide that can be stored in a reservoir can be initially assessed based
on the overall size of the reservoir from seismic measurements and expected porosity.
A reasonably high reservoir permeability(>500 mDarcy) with good connectivity is also
desired to insure no issues with the injection process [23].
Even within this broad list of guidelines there exist numerous exceptions necessitating
further analysis. Each phenomena responsible in the success of a geologic storage opera-
tions requires analysis from multiple scientific disciplines in order to be fully understood.
Chemical engineering thermodynamics and fluid flow behavior play a vital role in the
analysis of how fluids behave in such systems. Earth Sciences play a vital role in the
understanding of local geology and have decades of experience in reservoir engineering.
Material Sciences have largely been responsible for the development of advanced imaging
techniques used in analyzing reservoir samples and material behavior characteristics.
2.2 Properties of Porous Media
2.2.1 Porosity
Porosity is a intensive property of a porous medium. It relates the internal void space
(Vv) to the bulk volume (Vb) that the porous medium has. This can also be determined
knowing that the bulk volume of the porous structure is made up of the both the void
space and the space taken up by the solid structure (Vs), in this way we can find the
porosity of a porous medium to be [24, p. 43]:
φ =
Vv
Vb
=
(Vb − Vs)
Vb
(2.1)
Figure 2.1 shows a simplified diagram of a porous structure with different types of
pores that exist within porous samples [25]. These different types of porosity give rise to
slight variations in recorded porosity values as certain techniques are prone to observing
only certain types of pores.
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Figure 2.1: This diagram shows the different types of pores that can be found within a porous
structure. (a) showing a closed pore not recorded with fluid intrusion techniques, (b) the ”ink
bottle” like pore, (e) the typical interconnected pore network of a solid, (g) surface porosity
neglected in most methods, and (t) a dead-end pore throat [25].
Mercury intrusion and gas adsorption techniques rely on having a full connected path-
way to a pore in order to be observed, whereas imaging and fluid movement detection
techniques are capable of recording pores with no connectivity to the main pore space.
2.2.2 Single Phase Permeability
Single phase permeability measurements are often one of the first characteristic param-
eters measured for any particular rock selected for scientific study. The concept of per-
meability was initially proposed by Henry Darcy in 1856 after experimenting on the flow
rate of water through columns of sand. Through his experiments he found that the flow
rate of water varied linearly with the hydrostatic pressure caused by a upright column
of water. These results were then used to form the general form of Darcy’s Law as it is
known today:
q = −k
µ
(∇P − ρg) (2.2)
where q is the volumetric flux of fluid passing through the porous media, k is the absolute
permeability, µ is the dynamic viscosity of the fluid, ρ is the density of the fluid, g is
the gravitational vector, and ∇P is the gradient of the pressure of the fluid. Darcy’s
25
Law has also been shown to be derivable from the Stokes equation for fluid flow, further
supporting his findings [26].
Permeability has been found to vary widely across different core samples from ex-
tremely high permeability rocks and packed loose particle beds on the scale of a few
darcys to extremely low permeability rocks in the sub-nanodarcy scale. A darcy is de-
fined as 9.86 x 10−13 m2 in SI units. Correlations have been developed attempting to
relate porosity to permeability in flow in porous samples, but the complexity of flow
within the sample pore space caused by tortuosity, pore geometries, and other effects
often lead to discrepancies. Even rocks with the same porosity are capable of showing
permeabilities that are orders of magnitude apart, often necessitating the development
of correlation for unique rock types.
One traditional approach to measuring the permeability of a rock sample is to place a
constant pressure gradient across the sample and then measure the flow rate of the fluid
passing through the core. The permeability of the sample can then be found by using
a simplification of equation (2.2) following integration across the length of the core and
neglecting gravitational effects found to be [27]:
k =
qµL
(P1 − P2)
(2.3)
with L being the length of the sample, P1 and P2 being the pressure upstream and
downstream of the core, respectively.
These permeability measurements can be performed with any fluid, but care must be
taken when performing these measurements with gases. Measurements using gases are
often more favorable to liquid measurements due to reduced time considerations from
lower fluid viscosities, but can lead to result misinterpretation. In gas systems, different
fluid flow regimes can develop from the molecular diffusion of gas molecules inside of
the pore structure of the sample. These different flow regimes can be identified in the
examination of the system Knudsen dimensionless number relating the molecular mean
free path, λ, and a characteristic length, r, often taken as the pore radius given as [28]:
Kn =
λ
r
(2.4)
This Knudsen number calculation can then be used to identify the flow regime in
which a system behaves as shown in figure 2.2 [28].
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Figure 2.2: Gas flow regimes found in fluid flow in porous media with gases as determined by
system Knudsen Number [28].
The transition in each of these regimes is caused by molecular diffusion characteristics
of the gas used in the system. This effect can cause porous media to exhibit higher fluid
flow rates than determined by their absolute permeabilities. In the slip flow regimes, this
is identified by a phenomena know as “gas-slip” as the observe flow field no longer has
zero-velocity flow conditions at the sample surface. This regime was initially described
by Klinkenberg [29], with a permeability correction equation often used in gas flow stud-
ies. At higher Knudsen numbers, the free molecular flow regime develops in which the
molecular diffusion of gas molecules dominates the fluid flow characteristics. This fluid
flow regime developes from the combination of the bulk diffusion of the gas, the Knudsen
diffusion, and surface diffusion interactions usually only encountered in systems under
vacuum or with extremely tight pore sizes. Several experimental correlations have been
formed and molecular simulation studies have been performed to account for the effect
of these different flow regimes described in detail by Ziarani et al. [28].
2.2.3 Two-Phase Capillary Pressure in Porous Media
Whenever there is an interface between two different fluids, there exists a pressure dif-
ference between them caused by the tension of the separating surface. This pressure
difference between the two phases, known as the capillary pressure, has been expressed
as the Young-Laplace equation [24, p. 441]:
Pc = σ
(
1
R1
+
1
R2
)
(2.5)
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where Pc is the capillary pressure, σ is the interfacial tension, and R1 and R2 are the
principal radii of curvature for the interface. Since the Young-Laplace equation only
considers the two fluids, an additional element is needed to take into account the effect
of the solid surface itself in order to begin to understand the fundamentals of multiphase
flow in porous media. Each of these interaction terms are given as σso for the interfacial
tension between the solid and non-wetting phase (usually hydrocarbons, or CO2), σsw for
the interfacial tension between the solid and wetting phase (usually water or brine), σow
for the interfacial tension between the wetting and non-wetting phases. The distinction
between wetting and non-wetting phases stems from the attractive forces between the
solid and each individual phase, where wetting phases have a higher attraction to the
surface than non-wetting phases.
For example, if we consider a droplet of water on the surface of a smooth piece of
glass. Water being the wetting phase and the surrounding air the non-wetting phase as
shown in figure 2.3.
Figure 2.3: Diagram of droplet of water on a glass surface. Adapted from Iglauer et al. [30].
The edge of the drop hits the glass at a certain angle that corresponds to equilibrium
all of these surface tension elements, that when a force balance is performed results in
Young’s equation:
cos θ =
σso − σsw
σow
(2.6)
This contact angle, θ, can then be used in extrapolation to multiphase fluid flow behav-
ior, but the proper method of recording these measurements is still quite controversial.
The contact angle of a fluid changes with receding and advancing fronts [31, 32], as well
as wettability alterations which are known to occur [33, 34].
Taking this idea of contact angle and applying it to the analysis of a fluid interface
inside of a narrow cylindrical capillary, the radii of curvature terms previously seen in
(2.5) can be eliminated to something more easily determined as the radius of a cylinder
r through which a fluid is flowing given as:
Pc =
2σ cos θ
r
(2.7)
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It is from these ideas of capillary pressure that the movement of CO2 and hydrocarbons
can be better understood in reservoirs, and can be imperative in the selection of proper
carbon dioxide sequestration locations. Capillary pressure is capable of determining
which fluid migration pathways are preferential due to pore space geometries [35].
2.2.4 Relative Permeability
Relative permeability is a topic that has been studied in depth for several decades as it
contains the major concepts behind the recovery of hydrocarbons from reservoirs. The
permeability of individual phases has been found to vary throughout the production
cycle of reservoirs and can be effected by numerous fluid and rock interactions. Relative
permeability is defined as a modifying term in Darcy’s law given as:
qj = −
Kkrj
µj
(∇P − ρjg) (2.8)
where K is the absolute permeability of the rock formation, krj is the relative permeabil-
ity of fluid j, with the rest of the subscripted j terms being specific for fluid j only. The
relative permeability of an individual fluid varies from unity, being the highest amount of
flow possible, to 0, where only the other fluid is able to flow through the system. Relative
permeability is typically referred to as a function of the saturation of the material, with
the 0 relative permeability points for each given fluid being the irreducible saturations
found within a porous structure. At any given point along these relative permeability
curves it is also possible to maintain fluid flow at points above irreducible saturation
with the remaining non-flowing fluid left at residual saturation impeding the flow of the
other fluid. Figure 2.4 shows a typical relative permeability graph for a water-wet system
with the flow of oil and water taken from experiments by Oak et al. and compared to a
network model for fluid flow [36,37].
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Figure 2.4: This figure shows the relationship between the saturation of each wetting and non-
wetting phase and the relative permeability of the fluid, along with predictive models computed
using network modeling [37].
2.3 Reservoir Cap Rocks
Reservoir cap rock, or reservoir seals, are formations of low permeability and high cap-
illary sealing pressures that allow for the accumulation of various fluid in the earth
subsurface. Anticline domal closures can offer particularly low seal risks to sequestration
operations as multiple layers of reservoir and sealing formations are often formed during
the folding of sedimentary layers. The folding of sedimentary layers can act to build
several reservoir like formations sequentially on top of one another; if one happens to
leak, the next reservoir and sealing formation can act as an additional trap to all leaked
fluids. These formations also offer good sealing characteristics due to their ability to act
as lateral seals as well [38]. A typical representative picture of what a anticline reservoir
formation can look like is shown in Figure 2.5.
Figure 2.5: This picture shows an idealized representation of an anticline domal closure and
its cap rock sealing formations [38]. The dashed formation being shale and the dotted areas
sandstone reservoir rock.
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During folding these formations are at risk of developing fractures near the upper crest
of the anticline. The fracturing of this area is usually prevented by the stress applied
from the lithostatic head of the earth above it during formation. The lithostatic pressure
is usually sufficient to prevent fracturing below the first several kilometers of burial depth
and reservoirs that developed above this depth may have fractures present [38].
Other sealing formations have been found to commonly exist near fault planes, where
the faulting of the earth shifts a porous reservoir rock against a seal rock. These types of
seals come with inherited risks of fault reactivation and also do not have the advantage of
additional sealing formations surrounding them in the event of leakage from the primary
reservoir. Clay smears have even been found to exist along fault planes that can act as
a seal for reservoir rocks, but rare in producing viable reservoirs for exploitation [38].
Reservoir cap rocks can also be exploited in gas storage operations used in maintaining
proper reserves of natural gas supplies for national use [39].
The collection and handling of cap rock samples should be taken in the highest re-
gard for sample preservation. Cap rock samples tend to be of low availability, due to
the fact that they are typically not cored during well drilling. Opalinus Shale is a well-
characterized shale from the Jurassic shale formation that has been studied in several
reports from the easily accessible formation mine located in a tunnel constructed in
Switzerland [40–44]. Anhydrite subsurface samples are also available due to their regular
mining for commercial applications, along with other salts.The collection and handling
procedure can have a significant impact on experimental outcomes and even slight vari-
ations in temperature and pressure can cause significant changes to the internal physical
and chemical structure of cap rocks.
There are specific handling guidelines that have been presented for the unique sit-
uations of handling shale and anhydrite samples [27]. Sensitive cores should be wiped
clean of excess moisture and immediately sealed in heat sealed plastic laminates to avoid
changes in pore fluid composition and to counteract pore fluid losses from samples. Sam-
ples can then further be wrapped in aluminum and dipped in liquid plastics to further
reduce the chance of pore fluid losses and material changes. Mechanical supports can
also be used to add to storage rigidity and reduce the risk of sample lamination during
transport.
2.4 Cap Rock Permeability
The determination of reservoir cap rock permeability is difficult experimentally due
largely to the reason they are suitable for the long term contain of various fluids. It
can also be an integral part of sequestration operation optimization as the slow equal-
ization of pressure during the injection phase of operations requires the production fo
reservoir fluid to avoid reservoir over-pressurization. This can contribute significantly to
the capital cost of sequestration operations as produced fluids need to be treated before
emission to the surrounding environment. This can be minimised if the reservoir seal
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proves to be permeable significant enough to the reservoir fluids to minimise the build
up of pressure. The slow rate at which fluids pass through these layers makes traditional
measurement techniques ill fitted for use on low permeability (µDarcy and lower) sam-
ples as shown in the work of Boulin et al. [15] where uncertainties of pump flow rate
measurements could cause deviation of up to 7000% in the measured permeability of
sub-nanoDarcy samples. Several techniques have been developed in order to overcome
these limitations in order to quickly and accurately measure the permeability of these
samples. Brace et al. [45] developed the first pressure decay technique still used in many
laboratories. The technique was used to measure the permeability of granite samples
under various stress loads. The technique relies on the pressure response of two fluid
reservoirs connected only via the porous sample and isolated from the rest of the system.
A small change in pressure is applied to one of the fluid reservoirs, and the pressure
response in each fluid reservoir is recorded with time as fluid passes through the porous
sample.
Essential to the analysis by Brace et al. are the assumptions that the compressibility
of the fluid is much larger than that of the rock pore space and that the porosity is close to
zero. From these assumptions a relation is determined in which the pressure drop through
the sample remains linear throughout the experiments, although allowed to change in
time. The effect of the linear pressure assumption has been examined by [46–48], and
Yamada and Jones [1] who determined the error induced on experimental results. Lin
et al. [46] performed a uncertainty analysis of reservoirs of various size both upstream
of downstream of the porous sample to build recommended fluid reservoir volumes for
permeability measurement. The expression for this analysis as derived by Lin et al. [47]
as the relative fluid storage potential ignored with the linear assumption, δ, as:
δ =
AL [φβ + βeff − (1− φ)βs]
β(V1 + V2)
(2.9)
where φ is the porosity of the sample, β is the compressibility pore fluid, βs is the
grain compressibility, βeff is the effective compressibility of the sample, A is the cross
sectional area of the sample, L is the sample length, and V1 and V2 are the upstream and
downstream fluid reservoir volumes, respectively. Trimmer et al. [48] derived a similar
expression of:
R =
ALφe
V
(2.10)
with φe being the effective porosity given as,
φe = φ+
βeff − (1 + φ)βs
β
(2.11)
Finally with Yamada et al. [1] deriving:
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δ1 =
[βeff − βs + φ(β − βs)]AL
βV1
(2.12)
A maximum value was recommended for each of these parameters in the design of ex-
periments to avoid the alteration of permeability results due to sample interactions. The
main conclusion is that fluid reservoirs should be selected to be sufficiently larger than
the pore fluid storage capacity of the sample. A later summary of ultra-low permeability
tests was compiled by Kalamethn et al. [49] who compared the porous media storage
potential to reservoir volume for multiple previous works identifying that a ratio of 0.01
is ideal.
The assumption of sample pressure gradient linearity was explored by Armefule et
al. [50]. The works of Hsieh and Nuezil et al. [51, 52] went as far to entirely circum-
vent the assumption necessary in the Brace et al. model and derived the full solution
to the pressure decay experiment with no assumption of sample fluid storage behavior.
From this derivation several other methods were also published utilizing the unique ef-
fects seen in pressure decay experiments when sample storage capacity is accounted for.
Bourbie et al. [53] explored the idea of not restricting fluid storage behavior and observed
early time effects on the linearized pressure decay response from within samples. The
largest limitation of this full solution method is the need for graphical [54], and numer-
ical methods in order to match experiments to previously solved curves. The complete
modeling of pressure profile curves within the sample with time has been completed by
Giot et al. [55]. Oscillating pressure experiments were also developed by Suri et al. [56]
to overcome time requirements in single phase permeability experiments, at the cost of
an increasingly convoluted method. Walder and Nur [57] and Bourbie and Walls [53]
also explored the effects of having too large of an initial pressure step in pressure decay
permeability measurements. Bourbie and Walls [53] concluded a pressure step under a
pressure ratio of 0.03 insignificant, while Walder and Nur [57] concluded 0.1 was low
enough to avoid storage effects.
Several studies have also been performed to analyze the use of gas in pressure decay
permeability results with varied results. Steady state fluid flow experiments have long
been accepted to been effected by the gas slippage effects [29]. The implementation
of the Klinkenberg effect on pressure decay experiments using gas has been explored in
several works [15,58–67]. Armetage et al . [58] and Faulker et al. [61] ignored Klinkenberg
effects in permeability measurements stating that pore sizes were too small to be effected
by gas slippage effects. These results are contradicted by the conclusions of Boulin et
al. [15] , Carles et al. [59], Davy et al. [60], Freeman et al. [62], Guitererezz et al. [63],
Pan et al. [65], Ramakvishan et al. [66], and Zhang et al. [67] stating that Klinkenberg
effects have a large effect on measured sample gas permeability. Carles et al. [59] also
indicated that the substantial reliance on previous correlations to accurately predict gas
slippage effects had a large impact on calculated values. A newer has also recently been
developed to remove certain model limitations while measuring sample permeability,
Klinkenberg coefficient and porosity pioneered by Lasseux et al. [68]. Klinkenberg effects
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should be included in gas permeability measurements due to their nature to dominate
in small geometry, where the mean free path of the gas molecules in approached in
Freeman et al. [62]. One of the largest limitation of these methods is the reliance on
assumed Klinkenberg effects in order to solve for sample permeability. A newer method
of deriving Klinkenberg correction factors with time in pressure decay experiments has
been presented by Metwally et al. [64] .
Single phase permeability measurements are even further complicated due to the in-
volvement of relative permeability effects from the partial saturation of water. Davy et
al. [60], Faulkner et al. [61], and Zhang et al. [69] have shown substantial discrepancies
between gas-derived and water-derived absolute permeability measurements accounting
for changes in fluid viscosity and gas slippage effects. Water saturation values as low
as 4% have been shown to cause significant deviations in sample permeability compared
to single phase tests Zhang et al. [69]. The use of gas in these systems is even further
discouraged due to the changes in clay-swelling containing samples, where substantial
changes can occur in sample pore space following drying. Cui et al. [70] also showed that
molecular adsorption of molecules to the surface of the porous medium matrix needs to
be considered in the true determination of sample permeability. Care should also be
taken in the selection of gases used, as the molecular sieving of gas molecules due to the
difference in molecule size is possible in such tight systems [70]. Gas fluid flow experi-
ments can even be further complicated through the involvement of Forchheimer effects
in permeability measurements causing a deviation from Darcy’s Law.
2.4.1 Influence of Effective Stress on Cap Rock Permeability
The stress conditions under which the permeability of reservoir rocks and cap rock sam-
ples are recorded can have a significant impact on the measured values for geologic sam-
ples. Early work of Fatt et al. [71], Dobrynin et al. [72] , and Gray et al. [73] shows the
significance of applied pressure to the measured permeability of reservoir rock samples.
This work was later extended extensively to work involving low permeability samples
including the initial pressure decay work by Brace et al. [45].
These pressure effects largely consist of the reduction in sample permeability with the
increase of applied confining pressure to samples [50, 58, 63, 74–80]. These experiments
can be performed in various ways, either varying the stress applied to the sample or
the pore fluid pressure within the sample. The way in which stress is applied to the
sample can also be undertaken in several varying ways. A Hassler type core holder can
be employed that only applies a radial confining pressure with the axial faces of the core
remaining unconfined. A slightly more complex biaxial or hydrostatic core holder can be
employed that applies a uniform stress to both the radial and axial directions of the core
sample through the use of a surrounding pressurized fluid. Finally, a triaxial core holder
may be employed allowing for the application of radial and axial stresses independently
to analyse different sample behaviour under varying stress states.
One of the main limitations in these tests comes from the necessity of maintaining a
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confining pressure higher than the pore pressure of the system ensuring fluid is forced
through the porous sample and cannot bypass the system all together. A unique series
of experiments was performed by Unalmiser et al. [81] using a ribbed non-porous plug
sample to evaluate the effect of sample bypass within their core holder assembly. These
results showed that confining pressures up to 600 psi may be required in order to close
all outer sample porosity with the sleeve placed around the sample.
The reduction of sample permeability with increasing effective pressure is attributed
to narrowing of the sample pore space from the increased stress on the porous medium
matrix. The largest pore throats are thought to be most affected by changes in confining
pressure, while the smaller pore throats remain unchanged as seen in mercury intrusion
results from Dewhurst et al. [74]. The alteration of permeability by effective stress is also
considered to be more significant than the reduction in pore throat sizes as permeability
is proportional to pore radius raised to the power of 2 or even 3 depending on the pore
shape [58]. The reduction in permeability with increasing stress is often shown in terms of
effective pressure. The determination of effective pressure needs careful consideration due
to scaling effects caused by disproportionate effects of pore fluid pressure in counteracting
confining fluid pressure. Several studies have been performed in order to determine the
relationship of confining pressures to pore fluid pressures reducing usually to a simple
equation form of [78, 82,83]:
Peff = Pconf − χPp (2.13)
where Pp is the fluid pore pressure, and χ being a characteristic scaling factor, sometime
referred to as the Biot coefficient, depending on the composition of the porous sample.
Reservoir samples have been seen to have increasing scaling factors from below unity to
greater than four depending on the clay content of the observed reservoir rock sample,
but Kwon et al. showed that the shale sample they were examining had a scaling factor
extremely close to 1 [78]. This deviation in clay rich samples is thought to occur once
quartz grains are fully separated with the solid matrix, as changes in Pconf and Pp begin
to effect the sample material. Similar changes in pore space to sample permeability
are observed from varying pore pressure experiments in which sample porosity can be
measured [63,72,84,85].
The physical response of rocks under stress can be examined with varying boundary
conditions as well. In drained tests, pore fluid is allowed to readily enter or leave the
porous sample. These tests are used to show the physical response of only the rock matrix
to changes in the sample stress state. Undrained tests are performed in enclosed spaces
where pore fluid is unable to leave the sample pore space. Undrained tests can then
give observations on the response of the porous sample under various stresses with the
pore fluid pressure increasing or decreasing in pressure with volume changes of the rock
sample. These tests on low permeability samples are difficult due to the long time scales
required for pore fluid pressure to equilibrate within the sample from the extremely slow
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movement of fluids within such samples. This shows how the time over which a given
effective pressure is applied to a sample. Cook describes the process quite well where the
pore fluid pressure within sample pore space or microfractures within a low permeability
sample can be directly influenced by the rate at which changes in external stresses are
applied [86]. This effect can also be seen described as sample creep seen in the works of
Boulin et al. [15].
Hysteresis effects from previous applied pressures play an important role in evaluating
sample permeability. Exhumed samples from the earth subsurface have been shown to
exhibit significantly different fluid flow properties than samples collected from surface
outcrops of the same formation [73, 87]. The fluid flow property deviations between
subsurface and surface collected samples have been considered resolvable through the
application of a sufficient effective pressure to reservoir rock samples [88]. Samples even
treated within the laboratory setting show significant levels of measurement hysteresis.
This hysteresis often presents itself in permanent sample permeability decrease following
the application of high effective pressures as seen in the works of Armitage et al [58], and
Davy et al. [60]. This hysteresis effect likely stems from the irreversible compaction of
the grains supporting the sample pore regions.
An additional effect of the the application of excessive effective pressure is the poten-
tial to create fractures or microfractures within the experimental sample. This fracturing
point is thought to coincide with the mechanical failure point of samples, but conflicting
results for it’s effect on permeability have been observed. Suri et al. [56] showed sig-
nificant decreases in sample permeability following mechanical failure, whereas Zoback
and Byerlee [89] and Dewhurst et al. [74] show an increase in sample permeability under
sufficient stresses.
A final word of caution should be given to the representativeness of any laboratory
based measurements when in comparison to subsurface system behaviour. Brace et
al. [90] showed substantial differences in the measured permeability from laboratory
experiments to those measured within a reservoir using field scale techniques. These
differences can often be explain in variations of formation properties at different length
scales corresponding to how heterogeneous a given formation in the field is. This is often
seen issue in the upscaling of laboratory results to field scale, as laboratory results are
incapable of capturing all variations in a formation from select samples.
2.4.2 Representative Sample Size
The idea of a representative sample volume stems from the known heterogeneity of most
geological formations on certain scales. Preferential pathways exist within core samples,
and flow can be seen to travel in specific directions within a formation showing hetero-
geneous effects at the full scale. It is important to determine the representative size of
sample needed to encapsulate any parameters.
Jacob Bear gives a overview of the concept of the representative element volume
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(REV), for which he uses porosity as an example variable [24, p. 19]. He postulates that
when the observed volume is below the representative volume, the analyzed variable will
fluctuate wildly, then as the REV is approached, the fluctuations within the data subside
and a repeatable value is found to exist with the porous structure. A homogeneous porous
medium for a given parameter he then goes on to define as one where after the REV is
exceeded the result of a specific analysis always returns the same value. If after the REV
is exceeded, changes within the recorded parameter continue to fluctuate, the porous
medium is considered heterogeneous for the given parameter throughout the formation.
2.5 Cap Rock Capillary Pressure
The proper measurement of capillary entry pressures in cap rocks is of particular impor-
tance for CO2 sequestration efforts as it defines the safe operating parameters within a
given reservoir. Several potential CO2 pathways through cap rocks exist under different
flow conditions ranging from diffusion to two-phase flow to pore space fracturing based
on imposed flow rates [91]. The increase in small particles between larger grains has been
shown to increase the capillary forces present within porous samples [92], which can be
viewed as the increase of clay content of samples giving rise to extremely large capillary
pressure values. Reservoir seal capillary threshold pressures have also been used in the
estimation of reservoir reserves and maximum hydrocarbon column height [35, 93]. The
capillary forces present within a reservoir seal are largely responsible for the potential of
geologic storage to last thousands of years without migration.
Several methods for measuring the pressure required for a non-wetting fluid to begin
to flow through the porous matrix of a rock sample have been developed and a general
overview of the various techniques given by Boulin et al. [17]. Along with the various
techniques that have been developed, the nomenclature involved in describing the phys-
ical process during drainage has become cumbersome. A good synopsis of nomenclature
used to describe various experiment measurements and interpretation has been collected
by Amann-Hildenbrand et al. [94]. The designation of capillary threshold pressure was
selected for use in this work as best describing the drainage processes as described in
the performed experiments as the pressure required for the non-wetting phase to form a
continuous fluid flow pathway through the sample.
The standard technique involves simply raising the pressure within a reservoir in
contact with the face of a saturated core sample in small increments, until a measurable
amount of fluid is seen to leave the downstream side of the rock [95]. Despite having
a relatively high accuracy compared to other techniques, the pressure step method can
take up to several months for a single measurement depending on the pressure increment
and relaxation period chosen experimentally.
The second method recognized for determining the capillary threshold pressure of a
given rock sample is the dynamic method [96]. A constant pressure drop across the core
is held through the use of two constant pressure pumps. Initially, the rock sample is fully
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saturated with the wetting phase along with a small volume of wetting phase remaining
in the flow lines connecting the plug sample to the a non-wetting phase injection pump.
The production of the wetting phase(in most cases, water) from the downstream side
of the core begins at the expected value based on the pressure drop imposed across the
core and the single phase permeability. Then, as the non-wetting phase front enters
the core, the production of the wetting phase decreases to a value corresponding to the
effect of capillary forces in the core. The cause of this effect can be determined from
an examination of the pressures being applied across the sample. The total pressure
difference can be determined to be:
∆Pt = ∆Pnw +∆P
entry
c +∆Pw (2.14)
where ∆Pnw is the pressure drop through the rock sample of the non-wetting phase,
∆Pw is the pressure drop through the wetting phase, and ∆P
entry
c is the capillary entry
pressure. The pressure drop through the non-wetting phase is assumed to be 0, an
assumption that can be supported in looking at the relative viscosities of water versus
CO2. The pressure drop through the wetting phase is then assumed to follow Darcy’s
law as:
∆Pw =
µwL
kA
qeffectivew (2.15)
where qeffectivew is the total flow rate of the wetting phase leaving the core. The capillary
entry pressure can then be calculated as:
∆P entryc = ∆Pt −∆Pw = ∆Pt −
µwL
kA
qeffectivew (2.16)
resulting in a wetting phase production curve similar to that shown in Figure 2.6.
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Figure 2.6: The typical production response of the wetting phase from a rock sample during
the dynamic determination of capillary entry pressure. Reproduced from [96].
An approach similar to the traditional method has been developed named the racking
method [97], in which the pressure drop across the core is not held at static intervals,
but the downstream pump is run with a constant receding flow rate. This causes the
downstream pressure on the core to continuously decrease while the upstream pressure
is held constant. This method should, in practice, be more accurate than the dynamic
method since only pressure measurements are required, but experimental difficulties as
shown in [17] suggest that long experimental times and extremely high pressure differ-
entials can develop across core samples before a capillary threshold pressure is observed
in flow results.
One method that has since been slightly controversial is the residual pressure method
developed by Hildenbrand et al. [98–100]. Two reservoir volumes are connected to the
sample, one upstream and one downstream. The upstream vessel is pressurized with the
non-wetting fluid well above the expected capillary pressure, and a valve to the sample
is opened. The non-wetting phase immediately flows through the porous sample, and
begins to cause a pressure increase in the downstream reservoir. After a certain period
of time, the fluid flow comes to a stop and the pressure reach an stabilized pressure
difference across the core with no additional fluid flow. This pressure difference was then
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considered to be equivalent to the capillary entry pressure, but this is the source of the
disagreement within literature as it has been shown to yield imprecise results [17, 96].
This approach can easily be applied with the same experimental apparatus as the low
permeability pressure decay tests, but results have been shown to be inaccurate [17]. In
the most recent of publications [100], this approach has been reconsidered as a measure of
the snap-off pressure found to occur during the imbibition of water back into the sample
after a sufficient decrease in the pressure of the non-wetting phase.
It is from the final conclusions of Boulin et al. [101], and the time considerations of
this project, that the traditional and dynamic method would be further explored for use
in geologic sample characterization.
A theoretical relationship between sample permeability and capillary threshold pres-
sure can be shown from an analysis of a bundle of capillary tubes as seen in the work of
Thomas et al. [95], given as:
P thresholdc =
σ√
koF
√
1
φk
(2.17)
where ko is the shape factor, and F is the formation resistivity factor. This shows a
expected relationship of capillary threshold pressure to the inverse square-root of per-
meability. Thomas et al. experimental work then showed a very similar relationship in
experimental data for a water/nitrogen system providing a correlation with an agreeable
exponent of 0.43 given as [95]:
P thresholdc = 7.37
(
1
k
)0.43
(2.18)
with P thresholdc in units of psi., and k in millidarcy. Later studies have observed a similar
correlation where as permeability decreases, the capillary threshold pressure increases
[93,102,103]. Capillary threshold pressure values have also been found to vary similarly
to the trends seen in the effect of effective stress on permeability, albeit lacking fitted
correlations.
One cause for the decrease in permeability in certain experiments is thought to arise
from the narrowing of pore throats under increased effective pressure. Similarly, increas-
ing the effective pressure applied to samples is observed to cause an increase in sample
capillary threshold pressure [101, 104–106] and in capillary snap-off pressure values [99].
Harrington et al. [107] went as far as to suggest that sample capillary threshold pres-
sure and relative permeabilities should be classified as dependent properties due to the
similarity of response environmental factors.
Different fluid flow behaviour can also be observed based upon the fluid flow condi-
tions imposed over the course of capillary threshold pressure experiments. Experiments
involving micro-models have shown that transitions exist between capillary and viscous
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fingering [108] with increasing non-wetting phase injection flow rate and even material
fracturing [109] depending on applied stresses. More specifically the transition between
capillary and viscous fingering is determined by the capillary number of the system given
as:
Nc =
µdv
σ cos θ
(2.19)
where µd is the viscosity of the defending fluid, v the injection velocity, σ is the interfacial
tension, and θ is the system contact angle. The difference between these regimes causes
changes in the amount of pore space exposed to the non-wetting fluid and produced
wetting phase volumes important to capillary threshold pressure measurement. These
fluid flow regimes can manifest in the apparent complete piston like displacement of the
sample wetting fluid, or few channels traveling throughout the length of the sample [110].
The capillary number calculated within the system can also determine the width of the
individual channels, or fingers, that allow the non-wetting phase to flow through the
system [111].
An additional approach to approximate the capillary threshold pressure of low per-
meability samples has been developed using mercury intrusion results [94, 95, 112–115].
Different experiment observations have been interpreted as critical points during the
mercury invasion process. The maximum derivative value of the fluid intrusion mea-
surement was interpreted as the capillary threshold pressure, and the initial onset of
fluid intrusion as the capillary entry pressure [113]. Schloemer and Krooss [114] also
considered the extrapolation of the inflection point in incremental intrusion to a origi-
nating value of 0 intrusion as an estimate of largest pore throat diameter. Schowalter
proposed the hypothesis that the capillary value at 10% of maximum intruded volume
can be considered the point at which a continuous non-wetting phase finger would be
capable of extending across the length of the sample [115]. However, results from Busch
et al. [112] show strong correlations between permeability and gas capillary breakthrough
pressures, but poor correlations in mercury derived capillary threshold pressure values
and permeability. Additionally, Newsham et al. [16] concluded that mercury intrusion
curves are capable of describing pore size distributions reasonably, but due to fluid-fluid
interactions are poorly suited for capillary pressure behaviour in the tight sand samples
observed. The effect of drying used in all mercury intrusion tests also has a strong effect
on sample structure from the drying effect on any clays that are present.
The wettability of the geologic sample has a large impact on the expected capillary
threshold pressure value, and can be detrimental to extrapolated data recorded from
different fluid pair systems. Busch et al. [112] compiled an extensive review of contact
angle measurements on different mineral surfaces in the presence of CO2 and water/brine.
Each of these measurements showed a wide spread of values with no clear correlations
for any change in pressure or system salinity. Chiquet et al. [34] used their results on
the slow change of mica and quartz substrates towards CO2 wetting to explain certain
trends in capillary threshold pressure and snap-off pressure values as seen in previous
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experimental work. Additional work towards extending contact angle studies to include
minerals common in cap rock samples may not even be enough to ensure proper reservoir
behavior approximation as Heath et al. [116] showed that the minerals lining cap rock
sample pore walls can be different than that of the bulk sample material. Additionally, the
use of surfactants in hydrocarbon reservoirs prior to carbon dioxide sequestration efforts
also has a significant impact on capillary threshold pressure values within reservoirs [33].
Although, Li et al. [117] showed no change in capillary threshold pressure values in the
presence of only crude oil.
The interfacial tension (IFT) of the fluid pair system also has an impact on the capil-
lary forces present in retaining sequestered carbon dioxide. Espinosa et al. [118] compiled
several studies along with novel experiment results observing trends in IFT CO2/Water
systems with varying system pressures and water additives. They showed a decreasing
trend in IFT with increasing pressure until the vapor-liquid transition for carbon dioxide
at which the slope became much more gradual in the liquid-liquid regime. Carles et
al. [119] showed that the extrapolation of N2 capillary threshold pressure measurements
to CO2 systems may under estimate total storage potential due to the underestimation
of capillary sealing.
Reservoir and Lithostatic Pressure
The capillary forces as described in the phenomena above are responsible for a majority
of the sealing capacity of most hydrocarbon and CO2 sequestration reservoirs. Where a
fluid less dense than water is confined or injected beneath a sealing formation, pressure
begins to build as the buoyant forces try to force the carbon dioxide into the seal. The
pressure exerted by these buoyant forces can be described as:
P = (ρw − ρo) g∆z = ρwog∆z (2.20)
where ρw is the density of water, ρo is the density of oil, or ρwo as the density difference,
g is the gravitational constant, and ∆z is the depth of the reservoir. This equation is
often rearranged in the following form substituting h for height of the reservoir fluid:
h =
P
ρwog
(2.21)
This equation is then applied with the idea of capillary pressure within a given cap
rock structure, where the maximum height of fluid that can possibly be held below a
capillary seal can be determined by:
h =
Pc
ρwog
=
2σ cos θ
ρwogr
(2.22)
This approximation is often taken into account when estimating the maximum ca-
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pacity of a given potential CO2 sequestration site, but the different stresses within the
reservoir also need to be evaluated. The lithostatic pressure exerted on a reservoir is
determined by the gravitational pull of the earth on the geological features above a given
reservoir, or in other words, the weight of the remaining material on top of a reservoir.
This pressure is responsible for the cap rock being able to resist fracturing from the
upward force of the reservoir fluids; without it, the cap rock would easily be able to frac-
ture upwards well before the capillary pressure of the site was reached. The lithostatic
pressure on a reservoir is typically taken as 1 psi of pressure per foot (0.226 bar/m)
underground [12].
2.6 Other considerations of Reservoir Sealing Efficiency
Even under the occurrence of successful reservoir capillary sealing in the reservoir cap
rock formation, small losses of carbon dioxide can still occur due to diffusive transport
of dissolved carbon dioxide through the pore fluid of the seal. Busch [120] performed
two experiments to calculate the total potential of carbon dioxide loss due to diffusion
in shales. These results showed that for a “relatively thin” cap rock seal of 100 m,
it would take 300,000 years for carbon dioxide to appear at the upper surface of the
seal formation. Wollenweber [121] also showed that the diffusion rates often recorded in
initial experiments can appear lower than successive experiments due to changes within
the pore network from prolonged CO2 exposure.
Additional effects of the sorption of carbon dioxide to the surface of cap rock mineral
surfaces have shown the potential of increasing storage potential/minimizing leakage risk
in shale systems [120]. In mechanisms similar to those explored in the secure storage
of carbon dioxide in coal seams [122], carbon dioxide is found to readily adsorb to the
surface of clay minerals, and absorb into any surface wetting layers often found in clay
rich systems. The adsorption of carbon dioxide in such system can be even further
increased due to the restricted geometry of the sample pore space leading to capillary
condensation effects [123].
2.7 Fractured Systems
Fractured systems often exhibit similar trends to intact systems, but fluid flow is no
longer confined to the matrix of the porous media. Fluids can often flow at much higher
rates through out the fracture network present within a formation or sample. These
fractured systems continue to gain in importance to industry operations as reservoirs of
decreasing permeability begin to be explored for production and injection operations. A
detailed review of many of the challenges facing proper modeling of fractured systems
up to reservoir scales and fracture network propagation can be found in the work of
Berkowitz [124].
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2.7.1 Fractured System Permeability
Gangi et al. [125] proposed a geomechanics model to explore predicted changes of fracture
permeability with varying applied stresses. These permeability changes have been shown
to correspond to changes in effective stress of both intact and fractured samples. This
analytical model has been shown to represent fluid flow behavior in fractured systems
confirming the variation of system permeability with the cube of aperture size [126]. The
determination of the effect of changes in effective pressure has also shown that sample
permeability, when under higher confining pressures, is more susceptible to change with
changes of pore fluid pressure than sample with lower stress applied (Effect of pore
pres 12). Work performed by Crandall and Bromhal [127] has shown that fluid flow
characterization in fractured low permeability porous media with geochemical potentials
does not need to include chemical effects in order to accurately predict fluid flow behavior.
Deviations from Darcy flow behavior with varying pressure drop through fractured
systems have been shown. Traditional darcy flow exists at Reynolds numbers (Re) of
less than 1, then changes to a transition zone with an additional qubic flow rate term
at 1<Re<10, then the development of the Forchheimer regime at 10<Re [128]. The
Forchheimer flow regime has also been explored in fractured systems by Fourar et al. [129],
exploring deviations from traditional relative permeability interpretations of multiphase
fluid flow models. The fluid flow through fractured systems has also been found to have
deviation from no-slip boundary conditions at the fractured surface face of the intact
porous media due to fluid flow within the sample pores described using the Brinkman
fluid flow model [130].
These fractured systems also exhibit very similar permeability hysteresis trends as
observed in the intact cap rock samples of permanently exhibiting lower permeability
values after sample compaction [60,131,132]. This hysteresis is thought to be caused by
a similar mechanism to the lowering of intact sample permeability with the compaction
of features supporting the fracture space within the sample as described in the model of
Gangi et al. [125].
2.7.2 Fractured System Capillary Pressure Effects
The capillary pressures present in fractured systems is lower than that of the intact
sample material due to the increased overall size of the pore throats responsible for
capillary sealing in cap rock samples. Fractures are likely to be present in some form
in geologic settings, and can be detrimental to the success of carbon storage operations.
The fissile nature of many shales considered to be reservoir seals allows for the ready
creation of fractures that can run through the full length of observed samples, although
often perpendicular to the vertical buoyant flow path. The capillary pressures generated
within samples during drainage has the potential of inducing fractures in a similar manner
to that seen in hydraulic fracturing events [133]. Fracturing mechanisms in uncemented
porous sample grains from capillary forces have been investigated in packed bead systems
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with optical measurements [109]. An illustration of two potential gas drainage scenarios
of traditional drainage interpretation, or the potential creation of microfractures can be
seen in figure 2.7.
Figure 2.7: Diagram describing the two potential gas invasion scenarios being either the
traditional gas invasion pathways, or the creation of a sample fracture from the difference in
pressures developed with capillary forces. Reproduced from [133].
This fracturing induced by the differential pressures present across the liquid interface
within virgin samples is also considered to be the cause of deviations in successive exper-
iment measurements of capillary threshold pressure values on the same sample [107,134].
Harrington et al. [107] also considered the slight drop in capillary pressure after the cap-
illary threshold pressure of the sample had been exceeded to be indicative of sample pore
space fracture formation observed in the decrease of capillary forces.
The detection of fracturing events within porous samples has been shown to be readily
observed using sample acoustics. CO2(sc) was observed to cause more widespread frac-
turing within samples than compared to similar stress conditions with CO2(g). Strain
gauges also have the capability of showing sample dilation from pore space fracturing
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along with changes in fluid flow behavior [106]. Observations have also shown devia-
tions from expected results in the sealing capacity of CO2(sc) and CO2(g) in sample
fractures with a decrease in supercritical fluid transmissivity when compared to gaseous
systems [135].
2.8 Mercury Intrusion Porosimetry
Two of the most common techniques in the oil and gas industry are mercury intrusion
porosimetry (MIP) and gas volume expansion for porosity. Mercury intrusion porosime-
try can also be used to investigate the specific characteristics of a rock samples pore
network structure. In MIP, mercury is pressed into a dried sample saturated, in this
case, with low-pressure air vacuum as the wetting phase. Pressures can often exceed
several tens of thousands of psi and mercury can begin to enter pores on the nanometer
scale. The use of mercury intrusion methods does require the destruction of the rock
sample following analysis due to the toxicity of mercury that remains in the sample.
The mass of the sample is recorded before being loaded into the sample cup, and the
weight of the empty sample cup is also recorded prior to being loaded. The sample is then
placed under a vacuum down to 50 µmHg and mercury is allowed to fill the container
to atmospheric pressure. The sample and sample cup are removed from the machine
and their mass recorded again to find the mass of mercury that has entered the sample
cup(mhg). The density of the mercury(ρhg) is then used to find the volume of mercury
that has been injected into the sample cup. This initial volume of mercury(Vhg,i) is taken
to be the amount of mercury that fills all of the spaces surrounding the sample in the
precisely measured empty volume of the sample cup(V cupo ), or what can be shown to be
the bulk volume(Vb) of the sample:
Vb = V
cup
o − Vhg,i = V cupo −
(
mhg
ρhg
)
(2.23)
The sample is then placed in the high pressure hydraulic confining cylinder where
an oil hydraulic fluid is used to press the mercury into the remaining pore space. The
volume of mercury that enters the sample is recorded via conductance of the mercury
down a metal coated capillary tube. As pressure is increased incrementally, mercury
enters smaller pores found in the samples pore network until the maximum pressure of
the instrument is reached. The volume of mercury entering the pore space is recorded for
each pressure increment after a predefined machine stability wait-time. This wait-time
allows for relaxation to occur within both the sample and machine components that may
have occurred from temperature or sample structural changes.
The porosity of the sample is then computed knowing the final volume of mercury that
entered the porous sample by assuming that this is the void space within the sample. This
assumption is only partially correct as there are several areas of ambiguity in recording
such measurements. First, that this method has no way of detecting unconnected pores
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within the sample that may be present in other techniques such as x-ray imaging. If
there is no throat leading to a pore, there is no way of the mercury entering the pore.
MIP is thus defined to be a open porosity technique [25].
2.9 Clay Effects
The clay minerals found in various shale samples are responsible for some of the larger
challenges in successful petroleum engineering drilling operations, but are now also con-
sidered very important to the stability of sealing formations for carbon dioxide seques-
tration sites. Multiple clay minerals have been identified due to their unique crystal
structure. A broad overview of each individual clay mineral along with crystal structure
can be found in the work of Horseman et al. [136]. The nomenclature within the larger
scientific community has recently become quite lax with the recent increase of scientific
efforts involved with gas-shale operations for hydrocarbon production, with a disregard to
proper classification. Specifications exist in the proper description of samples depending
on fraction of clay particles present in the sample ranging from silt, mud, and clay desig-
nations with increasing clay content. The fissile nature of the sample also differentiates
samples from -stone (non-laminated) and -shale (laminated) post-fixes [136].
Certain clays labeled as “swelling” clays, such as smectite, have the tendency to change
in volume when undergoing changes in water activity with pore fluid and the surrounding
liquid. This swelling is often the cause of instability in wellbores and is difficult to
avoid [137–139]. The volume increase is caused by the hydration of the positively charged
cations present in between the negatively charged clay layers. As the direct visualization
of the water invading the clay layers is often difficult, molecular simulations are often
relied upon for scientific evaluation of swelling phenomena [140–143]. Li+ and Na+
ions have been seen to readily leave clay surfaces and form fully hydrated water layers
between clay sheets. K+ ions have been shown to remain partially attached to clay sheets
with reduced hydration amounts between clay sheets. The difference between these two
hydration characteristics allows for the use of potassium as a swelling inhibitor reducing
swelling effects [142, 144, 145]. Sample swelling can also be counteracted through the
application of pressure prior to change in water activity, but should be viewed as a barrier
to swelling more than swelling inhibition [146]. Conflicting statements have also been
made as to whether swelling occurs through osmosis effects [137] or ion transport [138].
The swelling of clays in mudrock formations may lead to the formation of fractures
within sample pore space, and often results in sample material failure in the laboratory
setting. Despite this failure behavior, mudrocks continue to provide excellent reservoir
seals in part due to their ductile nature. This ability to bend without fracturing while
under stress has been showed to occur in samples with higher clay contents than sample
with low clay contents that tend to be more brittle [147]. Clay drying experiments have
also been shown to lead to the creation of fractures to relieve system stress with the
shrinkage of exposed regions of clay rich material caused by loss of water [148,149].
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Anhydrite formations are also susceptible to swelling phenomena, not due to the pres-
ence of clays, but from the hydration of their base component of CaSO4. This hydration
is the difference between gypsum and anhydrite, and can cause a volume change of up
to 61% [150]. Anhydrite samples have been found to have a decreased resistance to frac-
turing after penetration with CO2 saturated brines, but samples were found to show no
signs of swelling during experimental tests [151].
2.10 Imaging Techniques
Several methods exist that do allow for the characterization of porosity from direct
measurements. Initially the study of thin sections allowed for the hand segmentation of
samples, later to be developed into digitalization methods, and further advanced with
more recent three-dimensional imaging techniques.
2.10.1 Thin Section Analysis
The first of these methods to be considered is the direct visualization of the pore space
through thin sections of the rock sample [152]. This is an extremely time intensive
exercise in the preparation of samples. This has partially improved with the advancement
of digitalizing the thin section samples allowing for computational segmentation, rather
than segmentation done by hand [153]. Figure 2.8 taken from Koplik et al. [154] shows
hand drawn segmentation lines from early thin section characterization work.
(a) (b)
Figure 2.8: (a) Optical picture of Massilon sandstone thin section. (b) Hand-drawn seg-
mentation boundaries on digitizer film segmenting rock pore space from grains. Reproduced
from [154].
Hand drawn segmentation is still one of the best segmentation methods available
as the human eye and mind are much better at processing phase differentiation, but
can be extremely time intensive over large data sets. These thin cross-section porosity
measurements record both closed and open pores, as no 3D data is available to show
whether a pore is connected to a potential flow path or not. Serial sectioning techniques
have since been developed to build 3D representations of pore networks yielding valuable
information in terms of pore connectivity [154].
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2.10.2 X-ray Computed Tomography
Another method gaining wide-spread popularity has further advanced direct imaging of
pore space through the use of non-destructive x-ray computed tomography. The use of x-
rays as a way of determining fluid saturation within porous samples had previously been
explored with stationary detection equipment in the early 1950s [155,156]. Medical x-ray
computed tomograph (CT) technology began gaining large success and implementation
in the early 1970’s, and soon after the geosciences began to utilize the technology to
their own advantage [157]. Using the transmission of x-rays through a given sample, a
series of images is collected as the source and detector revolve around the sample, as in
a medical scanner, or the sample can be rotated on a movable stand within the x-ray
beam of the source and detector. After collecting these images, complex mathematical
operations allow for a full 3D reconstruction of the sample to be completed. Based
on the principle of x-rays ability to be transmitted through various materials following
Beer-Lambert law of transmittance [158], the external surface along with all interior
features can be extracted. The technique gained further acclaim due to its ability to
image interior features with no damage to the sample as most other techniques result in
either irreversible changes to the rock sample’s properties or complete destruction of the
sample being required during or after analysis.
The pore sizes of almost all rock samples are below the minimum voxel size resolution
achievable with most medical grade x-ray scanners. To overcome this limitation, medical
image analysis can use the change in CT number before and after saturation with different
fluids, usually water and air, to determine the porosity of a given region within a core.
A CT number is a calculated reference scale based on the attenuation feedback from
the x-ray detector, scaled so that water gives a CT number of 0 and air is usually near
-1000. Reference scans are thus needed for both the pure water signal and pure air signal
recorded without the rock sample in place, and the scale of CT number is computed
as [159]:
nCT,j = K
(αj − αr)
αr
(2.24)
where αr is the attenuation of the reference phase, usually water, αj is the attenuation of
material j, and K is a scaling constant. The CT number values are determined for both
water and air, and complete core scans are recorded for air and water saturated cores.
The porosity of the core can then be determined by using values at 100% saturation for
both of the different phases [159–161]:
φ =
nCT,ws − nCT,as
nCT,w − nCT,a
(2.25)
where the subscripts ws and as are for the water and air saturated sample, respectively,
and w and a are the pure reference values for the phases. The detection of sample
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porosity in extremely tight porous samples has been achieved through the use of doped
brines [162] and gas [163] with increased x-ray contrast compared to water. The use of
medical CT equipment can also be used in a similar manner to porosity determination in
the investigation of fluid flow behavior and saturation estimation in relative permeability
studies [164]. Gas migration pathways through water saturated synthetic silt samples
have also been successfully studied using medical CT scanning equipment [19].
2.10.3 X-ray Computed Microtomography
Advances in both synchrotron and x-ray computerized tomography techniques at the
micrometer scale has also recently allowed for the direct visualization of a rock’s pore
space. With voxel capabilities down to a fraction of a µm, the direct imaging of larger
pore spaces allows for the direct computation of both open and closed porosity based
on connectivity [165]. The pore sizes found in many sealing formations are often still
below this image resolution. The x-ray contrast between fluids can also be used to show
specific fluid flow and saturation behavior within individual pores [166]. Additional
information can be extracted from micro-CT images pertaining to the drainage pathway
of injected gases [18] and even the determination of fluid-fluid-substrate contact angles
within individual pores [21].
Limitations exist between the desired resolution of the recorded tomogram and total
imaged volume requiring careful consideration for desired sample observations [167]. Sub-
voxel resolution information can also be extracted similar to medical CT techniques
determining the porosity of samples with pore size far below imaging limitations [165,168].
Investigations have also been carried out to characterize previously fractured systems to
observe two-phase fluid flow behavior. Due to the larger physical size of system fractures,
the exploration of micro-CT imaging capable of capturing fluid saturations and aperture
size is possible [169].Advances in nano-CT systems have recently been able to extract
nanometer scale features from porous samples, but with a limitation on the recorded
tomogram volume [170].
2.10.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is another technique that has been developed for
the imaging of pore spaces within extremely tight rock samples. Capable of pixel res-
olutions down the near angstrom levels, SEM is capable of some of the highest level of
magnification possible for pore space imaging. The use of SEM systems allowed for the
imaging of individual clay platelets in different clay minerals [171]. The arrangement
of clay palettes around larger particles of silica and calcite in a SEM surface image of
Jurassic shale from the Kimmeridge clay formation can be seen in figure 2.9 [86].
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Figure 2.9: SEM image of Jurassic shale sample from Kimmeridge clay formation showing clay
platelet arrangement around larger grains [86].
An additional advancement of the technique came from the incorporation of a high-
precision milling beam capable of removing extremely small layers of material away from
the sample surface. This is accomplished in most machines through the use of a focused-
ion beam (FIB). The focused beam of ions is used to remove very precise amounts of
material in several repeating layers alternating with SEM scanning of the surface. These
series of images are then combined to build complete 3D reconstructions of the milled
volumes similar to those recreated with CT techniques, although the sample is destroyed
with the milling process. Figure 2.10 shows the reconstruction of a series of FIB-SEM
images taken of an Opalinus shale sample along with the mineral segmentation [43].
Figure 2.10: (a) 3D reconstruction of FIB-SEM images of Opalinus shale sample. (b) segmen-
tation of 3D volume with orange being pore found within the clay, gray volumes being non-clay
particles, purple being organic material, and green as pores inside of organic material [43].
FIB-SEM imaging techniques can then be used in a similar manner to CT imaging
techniques for the analysis of porosity and pore network of samples, only with a much
smaller observed volume. Additional techniques though the use of auxillary detection
devices have been developed to yield mineralogical information used in determining in-
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dividual minerals lining the pores within shales [116,172].
The exact determination of pores within imaged samples can be problematic due to
low contrast within images. This has been overcome through the use of metal injection
to allow for easier pore space identification [173]. The direct imaging of pore fluids at
nanometer length scales has also been made possible through the use of cryogenic envi-
ronments in order to reduce the vapor pressure of sample fluids to maintain the system
vacuum required for SEM imaging [174]. Although promising in stiffer materials, these
cryogenic techniques have been shown to introduce fractures with shale pore networks
due to the expansion of water upon freezing [44,175].
The use of FIB-SEM imaging in the analysis of shale pores has shown several unique
pore shapes identified by Keller et al. [42], highlighting the need for proper site selection
in the imaging process. Heterogeneities within the shale pore space are important in
understanding fluid flow behaviors within samples, giving rise to the use of multi-scale
imaging techniques in order to incorporate results on numerous imaging length scales
[43, 176,177].
2.11 Image Analysis
Once any form of image is collected from a rock sample, image analysis becomes an
extremely complex and delicate procedure to extract information from sample images
while introducing as little of the experimenter’s influence into the data as possible. A
concept that initially seems straightforward, image analysis is notorious for the amounts
of user influence on results. As seen in the thin section analysis technique previously,
the hand segmentation of a rocks pore space can be rather straight forward at times,
but once the pore space of any solid drops below that of the image resolution, there is a
subjective element introduced as to what to classify that region as.
2.11.1 Image Noise and Artifacts
Image noise is a phenomena that stems from the transposing of physical phenomena
into digitizations through, in the case of the micro-CT instrument, a scintillator and a
charged-coupled device (CCD) camera to collect digital images. Image noise can come
from a variety of sources, from the cable transferring the image from the CCD, to a error
in the processor, to internal component’s interference with each other forming electrical
interference noise [178]. The noise from each projection is processed along with the
true signal in forming the tomographic slices of the imaged sample, complete with the
combined noise of all the projections. Noise is a random occurrence within images, and
in this way, the collection of a larger number of projections allows for a higher signal-to-
noise ratio (SNR) to be reconstructed in the tomographic sections as each projection’s
noise is inconsistent with the next. Figure 2.11 shows an example of image noise in a
medical CT scan of a chest orthogonal slice, the different densities of tissues is easily
discernible although there exists quite a bit of noise within each bodily mass [179].
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Figure 2.11: Medical CT image of a patient’s chest cavity showing the significant amount of
noise that may be present in CT images [179].
2.11.2 Image Filtering
Image filtering may be employed to counteract the effects of image noise in both quali-
tative and quantitative analyses. The key parameter that all image filters strive to abide
by is to reduce the amount of noise that is found in pictures, while preserving all in-
formation contained in the image signal. The random distribution of noise throughout
images makes this an extremely difficult problem to solve where complex patterns and
extremely small features in images are often blurred due to the denoising techniques.
Figure 2.12 shows the effects of different filtering algorithms on the original image shown
in the top left [180]. These filters include Gaussian smoothing, anisotropic filtering, and
non-local means filters, along with others.
Figure 2.12: Noise filtering algorithms applied to a image showing the various methods ten-
dencies to preserve and eliminate fine detail and noise present in the original picture shown
in the top left. From the top left in a clockwise direction, the methods used were: Original,
Gaussian Filtering, anisotropic filtering, Total variation, Neighborhood filtering, and non-local
means algorithm [180].
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Different algorithms have varying results as one would expect. The very simple Gaus-
sian smoothing filter has the effect of blurring all features found within an image, whereas
certain filters have been designed to be edge-preserving. An anisotropic filter uses the
same blurring technique as Gaussian smoothing, but with the designation of a grey value
gradient threshold not to exceed, as found at the edge of different phases [181]. A non-
local means filter is extremely effective at feature and edge-preservation, but comes with
the cost of being extremely computationally expensive [180].
2.11.3 Image Segmentation
The segmentation of an image into various phases is a task most precisely performed by
hand, where each region within an image can be assessed by the researcher tasked with
the project and can be assigned to a proper phase given an immense amount of input
that can be analyzed by the researcher. The setback to this process is the time required
to segment thousands of images to produce only one data set, and clearly automation
needs to be involved in order to process numerous experimental results. Two of the
main approaches applied in image segmentation are simple thresholding based of the
grey values of produced images, or watershed segmentation algorithms.
Thresholding segmentation relies on the simple principle that a given material, located
anywhere within an image, should have the same CT number. In this way, a simple user
defined cut off point is designated between phases, and the grey values above and below
this boundary are assigned to certain phases. At this point the concept of noise becomes
exceedingly important as noise within a given material will assign certain erroneous pixels
to the wrong phase. In light of this, image filtering is applied before segmentation in an
attempt to avoid designating materials incorrectly.
Watershed segmentation begins again with the user selecting grey values for certain
phases, but only small portions of each phase are selected where it is certain there is only
one phase present. Then the gradient of grey values is computed across all of the images,
and the initially selected portions of the phases are allowed to growing a manner similar
to water spreading in a hilly terrain. The predesignated phases then meet at the high
gradient areas and the image is segmented along these various boarders into individual
phases [182].
2.12 Fluid Flow Modeling
Correlations have been developed to offer a simplistic approach to the prediction of
fluid flow behavior within porous media. These correlations have been developed on
assumptions about sample pore space arrangement and geometries, often stemming from
an analysis of packed spheres. The Kozeny-Carman equation is a correlation widely used
to predict the permeability of reservoir samples with relative success in samples with
simple pore spaces [183]. The use of the Kozeny-Carman equation has been showed
to have limitations in dealing with ductile porous samples or samples with large clay
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contents due to the assumptions of the model. Ductile sample pore space results in
variations within sample porosity and exposed surface area under varying fluid flow
conditions not accounted for. Clays were determined to have immobile wetting layers
impeding fluid flow causing deviations in the quantification of sample pore space used in
the prediction of the equation [183].
Initially considering idealized systems, fluid flow modeling has evolved to be capable
of utilizing geometry inputs directly from imaged real systems. Instead of using corre-
lations or derived relationships between pore geometries and fluid flow behaviour, these
models determine fluid flow behaviour by using numerical approximations of fluid flow
equations bounded within the extracted pore space volume. This allows for these mod-
els to overcome substantial challenges that are often problematic for volume averaged
approaches such as multiscale pore space systems and pore space heterogeneities. These
models have developed with sufficient complexity to predict multiphase fluid flow prop-
erties of porous systems including fractured systems, variations in fluid wettability, and
fluid-fluid interactions within complex pore geometries [184].
Direct fluid flow modeling is highly favored using the lattice-Boltzmann method [185,
186]. This method is based on modeling the motion and collisions of particles in a
structured lattice. The behavior of particles using this technique can be shown to result
in behavior similar to that of the Navier-Stokes equation [187]. The main limitation
of such models is the computational power required to observe fluid flow behavior on
large simulation sizes. Coinciding with direct fluid flow simulations in porous media
are models that use simplified structures of the pore network to decrease computational
power required to model large systems. The first of these was designed to relate fluid flow
behaviors to a interconnected network of electric resistors [188]. These models quickly
grew in complexity capable of describing complex multiphase fluid flow phenomena with
continued advancements today [187].
2.13 Conclusions
In light of this wealth of knowledge, this project has set out to begin with the devel-
opment of a fluid flow apparatus capable of observing multiple fluid behaviors within
reservoir cap rock samples. The pressure decay technique as examined will be employed
to minimize the amount of time needed to determine sample permeability measurements.
Capillary threshold pressure measurement techniques will be examined in light of recent
advancements with comparisons to standard measurements. The fluid flow apparatus
will be able to apply varying system stresses on experiment samples to observe trends
in sample permeability and capillary threshold pressures. These measurements recorded
with various stress states will be able to investigate areas with conflicting conclusions
of the role of material failure in fluid flow properties. The continued advancement in
imaging techniques will be employed in the observation sample pore space and fluid
flow behavior. The use of numerical simulations in the prediction of sample fluid flow
properties will also be explored in reservoir seal samples.
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Chapter 3
Initial Sample Characterization
3.1 Introduction
Numerous resources were contacted in efforts to obtain geologic samples for use in this
PhD work. Industry members were contacted in connection with the QCCSRC sponsors
network, but often limitations on the sharing of geologic samples greatly limited availabil-
ity. Another large limitation on the availability of geologic samples stems from industry
practice of avoiding drilling core samples from reservoir seals due to the large cost of
coring compared to limited use in reservoir engineering for hydrocarbon production.
Reservoir samples were obtained in 1” diameter plug samples from a middle eastern
reservoir seal and interior seal formations in coordination with the QCCSRC. These
samples were then given the names of the middle eastern evaporite for the reservoir
evaporite reservoir seal sample, and ME1 for the tight carbonate interior reservoir seals
sample due to its labeling upon arrival. One additional sample of Opalinus clay was
provided from core storage in a industry members laboratory, but was thought to be
of dubious quality due to sample storage conditions and age. Opalinus clay is favored
sample in mudstone experiments due to its widespread use in academic research following
the founding of the Mont Terri Project in Switzerland in 1998. This project was created
to examine radioactive waste storage potential of this clay formation, and has continued
to be a large source of experiment material.
A quarry sample was received from a clay quarry in the UK that was willing to
send a small approximately 1 ft3 sample for the cost of freight. This clay sample came
from Todhills Long Lane Quarry in Durham County extracted from a carboniferous shale
formation. An additional shale sample was received from a pilot CO2 storage site located
in Spain following collaboration with the Hontomin carbon storage project operated by
the Fundacin Ciudad de la Energa (CIUDEN). The site operator was able to provide two
separate 3” diameter core samples from two separate depths through the reservoir seal.
This reservoir seal is referred to internally as the Marly Lias Unit consisting of multiple
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layers of marls, marly limestones, calcareous mudstones, and shales. The samples have
a porosity between 2-4% and permeabilities below the lower limit of their permeameter
of 0.01 mDarcy.
Additional evaporite samples were obtained in collaboration with fellow PhD student
Sunshine Abbott working in subsurface anhydrite mines in the UK. Two mines are cur-
rently being explored for field scale characteristics of the anhydrite formation. Sunshine
Abbott was also able to provide a detailed description of the the formation characteristics
and reason for selection [189]:
“Rock samples were selected from a variety of available resources for anal-
ysis as reservoir cap rocks and cap rock analogues. A Brightling anhydrite cap
rock sample was taken from the basal (Upper Jurassic) Purbeck anhydrite,
located within the Weald Basin, United Kingdom. The Weald Basin is one
of a system of linked Mesozoic extensional basins across southern England.
The Weald Basin initiated during the Mesozoic, as an easterly prolongation
to the Wessex Basin [190], and became a major depocentre during the Up-
per Jurassic and Lower Cretaceous, with the associated active faulting [191].
Mixed carbonate and fine-grained clastic sequences dominated the succession
during most of the Jurassic. The Weald contains several reservoirs in Mid-
dle Jurassic carbonates and Upper Jurassic sandstones with overlying clastic
and evaporitic seals [191]. For example, the Portland Sand is productive
at the Godley Bridge well, where the Purbeck anhydrite forms an excellent
evaporitic seal [191].”
The mine is designed with a series of support columns located in a grid like patterns
through the formation that allows for partial 3D interpretation of formation characteris-
tics in her work. These subsurface sample were collected from cleaved samples from the
anhydrite support columns of the mine. An additional sample was collected by Sunshine
Abbott and her team during a visit to the Boulby anhydrite mine, also located in the
UK. This sample was collected in a similar fashion of cleaved samples from the mine
walls.
A final group of samples was purchased from Cobra Technologies B.V. located in The
Netherlands. These purchased samples were sintered ceramic disks with a “Nominal Pore
Size” of 50 nm, 80 nm, and 150 nm. One plate was purchased of each labeled pore size
at 50.8 mm diameter and a maximum thickness of 10 mm. These ceramics would act
as more geomechnically and geochemically stable test samples for early experimentation
with nanometer pore sizes similar to the geologic samples.
A summary of these samples along with their fluid flow properties as determined from
this work can be found in table 3.1.
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Table 3.1: Properties of Cap Rock Samples and Cap Rock Analogues
Sample Porosity Permeability
Capillary threshold pressure
(N2/Water)
(%) (µDarcy) (bar)
Brightling Anhydrite 0.4±0.7 0.0011 - 11.98 ∼28
Boulby Anhydrite – – –
Boulby Dolomite – – –
Boulby Polyhalite – – –
Hontomin Shale 0.9±1.8 0.0013-0.0333 19.3-104.6
ME1 Tight Carbonate 1.2±1.0 0.0103 ∼42.5
ME Evaporite 0.3±0.7 .000036-0.814 –
Long Lane Quarry Shale 1.4±0.4 – –
Ceramic 50 nm 11.0±1.4 7.9±0.2 14.98±1.06
Ceramic 80 nm 23.8±1.1 16.5±0.4 35.41±2.09
Ceramic 150 nm 25.2±1.1 15.8±4.0 30.88±0.47
Note: Error reported for permeability measurements are the standard deviation of multiple measurements,
and ranges are reported for variable values based on system stress.
3.2 Experimental Methods
3.2.1 Mercury Intrusion
Mercury intrusion observations were recorded using a Micrometrics Autopore IV mercury
intrusion apparatus. Samples were oven dried at 50-80◦C and loaded into one of two
available penetrometers after being fragmented. The sample drying temperature is of
large importance to nanoporous samples as well as the clay bearing samples. Capillary
effects within nanometer-scale pores can allow water to remain present from increased
vapour pressures caused by the narrow pore throats. Higher temperatures would be
able to drive off this remaining water, but water within the actual clay matrix then also
becomes susceptible to change. Samples needed to be crushed to sizes of roughly 3 mm
in length to fit within the wall gaps between the interior glass stem and penetrometer
walls. The loaded mass of the loaded penetrometer assembly was recorded and placed
in the vacuum and low pressure mercury injection compartment of the apparatus. A
vacuum of 50 µmHg was applied to the sample until stabilized and then maintained for
5 minutes. Mercury was then allowed to enter the penetrometer tube and sample space
equilibrating to atmospheric pressure.
The mass of the now filled penetrometer was recorded following this initial filling with
mercury, and placed in the high-pressure compression chamber. The change in mass
is used to calculate the sample external volume that has been loaded into the system.
The mercury was then hydraulically compressed incrementally to a maximum pressure
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of 32994 psia. The contact angle of the mercury/air/surface system was assumed to be
130◦ with a interfacial tension of 0.485 N/m in agreement with suggested values from
the manufacturer. An increase in measurement accuracy could be achieve by measuring
the contact angle of mercury on each sample, but mercury contamination limitations
for health and safety reasons limit most labs in achieving this. The amount of mercury
that enters the sample in each pressure step is determined electrically by measuring the
change in the resistance of the metal coated inner bore of the penetrometer stem with
changing mercury contact area now filled with non-conductive oil. The system was then
decompressed and the sample discarded due to mercury contamination.
3.2.2 XRD/XRF Analysis
X-ray Mineral Services Ltd. was used to provide results for X-ray Powder Diffraction
(XRD) and X-ray Florescence (XRF) analyses. Samples were mailed to the processing
facility in small plastic test tube sample holders in quantities of 5-10 grams depending on
analytical technique to be performed. XRD clay analysis was only performed on samples
with large clay contents such as mudstone or shale samples. XRF analysis was performed
on all samples for which permeability results could be obtained.
3.3 Results
3.3.1 Visual Inspection
Each sample was received in various states depending the originating location and equip-
ment available. The anhydrite mine samples were provided in field collection zip top
bags. Multiple samples were collected from various regions around each mine in the
Brightling and Boulby mines. The samples were found to be bone dry due in part to the
underground conditions approaching 50◦C and low humidity from the desiccating nature
of the structural anhydrite walls.
The Brightling anhydrite samples surface was slightly gritty allowing for the removal
of small grains from the sample surface with a fingernail. The interior of each sample
was found to be quite different from the surrounding surface following cutting using a
diamond bladed trim saw. Images of both the sample exterior and interior can be seen
in figures 3.1 and 3.2.
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Figure 3.1: The interior cut surface of the Brightling Anhydrite sample.
Figure 3.2: Exterior surface of Brightling Anhydrite mine sample.
These images show several characteristic observed in the Brightling Anhydrite sample.
The exterior grainy surface appears to have originated from the fracturing of partially
filled veins found to run throughout the sample. The bluish-grey majority of the material
was significantly different in texture than the exterior with no easily removed grains, and
scratching with a fingernail left no major marks. Thin-section analysis was also provided
by Sunshine Abbott as part of her work in characterizing the formation [189]:
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“The selected sample comprises light blue-grey subhorizontally elongated
ellipsoid-shaped anhydrite nodules within a matrix that is composed of dark
brown-grey clayey lime mud or black shale. A characteristic chickenwire
and/or mosaic texture is observed occasionally within some closely-spaced
anhydrite nodules. Euhedral to subhedral porphyroblasts (¡1 cm in diam-
eter) of both gypsum and anhydrite occur scattered, but also surround the
periphery of several nodules. Petrographic examination reveals poorly sorted,
and blocky-shaped, subhedral to euhedral anhydrite crystals ¡300 m in diam-
eter. Interference colors vary from second order purple to third order green.
Micrite is observed along with occasional peloids. Aggregates of polycrys-
talline quartz (showing undulose extinction) are displayed. Chalcedony ex-
hibits black crosses upon stage rotation, with rosette-shaped, fibrous, and
radial texture.”
Figure 3.3: Polarized thinsection of Brightling Anhydrite Sample.
The Boulby anhydrite mine samples were significantly different in texture appearing
quite porous and easily scratched. An image of the Boulby anhydrite sample can be seen
in figure 3.4.
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Figure 3.4: Boulby Anhydrite mine sample.
The surface texture of the Boulby Anhydrite sample may be partially explained by the
sample dissolution characteristics as seen in later experiments. Certain minerals within
the sample are found to be more soluble in water than the surrounding material that
could give rise to this rough surface texture. Plug samples were found to have a similar
exterior texture, but again may have been caused by dissolution from the use of tap
water as drilling fluid.
The 1” diameter reservoir evaporite seal sample as provided from the middle east had
a fairly smooth texture and could not be easily scratched. It appeared to be composed
largely of large faintly pink crystals with no clear heterogeneities. A image of the core
sample after plug drilling can be seen in figure 3.5.
Figure 3.5: Middle Eastern Evaporite reservoir seal core sample.
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The ME1 tight carbonate interior reservoir seal 1” diameter core sample was received
in a similar state as the middle eastern evaporite. The external texture was found to
vary from slightly rough to more smooth large inclusions found throughout the sample.
A image of the core sample after plug drilling can be found in figure 3.6.
Figure 3.6: ME1 tight carbonate interior reservoir seal core sample.
The Long Lane quarry sample was received secured to a shipping pallet covered in
a thick black plastic and wrapped in several layers of cling film. The exterior surface
was still quite moist from what was assumed to be natural formation fluids from sample
extraction. The was roughly 10 kgs in weight and formed one solid mass. The surface
texture was quite smooth to the touch, but left a light grey residue when rubbed. It
was easily scratched, and smaller pieces could be cleaved from the larger mass by hand.
Images of both perpendicular to the bedding plane and with the bedding plane can be
seen in figures 3.7 and 3.8.
Figure 3.7: Long Lane Quarry shale sample top view.
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Figure 3.8: Long Lane Quarry sample side view showing bedding characteristics.
Figure 3.8 shows the bedding planes that existed within the sample that tended to
cleave in roughly 1 cm thick layers from which plug samples were extracted. Each of
these individual bedding layers was quite resilient and took a significant amount of effort
to be broken by hand. These cleaved sheets were also found to increase in hardness after
drying. A image of one of the drilling plug holes left in one of these cleaved sheets is
shown in figure 3.9.
Figure 3.9: Long Lane Quarry cleaved layer with plug sample removed.
The Hontomin reservoir seal sample was received in two separate core samples taken
from a depth of 1317.26 m and 1321.10 m. One of the samples was found to have fractured
through the center of the sample perpendicular to the bedding plane during the shipping
process. The material did not appear dessicated to the point of bulk sample alteration,
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but no pore fluid was found to be present on the sample surface. The material did not
appear to leave any substantial residue when rubbed, but could be lightly scratched with
a finger nail. Later broken pieces from plug drilling proved to be fairly strong resisting
breaking by hand. A top view image of both received core samples along with he inside
layering of the fractured sample can be seen in figures 3.10, 3.11, and 3.12.
Figure 3.10: Hontomin reservoir seal sample No. 1 taken at 1317.26 m deep., fractured during
shipping.
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Figure 3.11: Inside face of fractured Hontomin reservoir seal sample No. 1.
Figure 3.12: Hontomin reservoir seal sample No. 2 taken at a depth of 1321.10 m.
The fractured sample shows interesting characteristics of having two distinct bedding
planes that appear to have been compacted over the formation of the sample. This lay-
ering helped in the determination of the sample bedding plane perpendicular to drilling.
The test ceramic samples were received in bubble wrap pouches and appeared ex-
tremely uniform. The samples were hand labeled on fixed adhesive notes with no other
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identifying marks. After plug drilling, it was noted that a distinct change in sample
texture occurred near the very surface of each sample looking almost as if glazed finish
had been applied to each sample. Images of one of the sample disks after plug drilling
can be seen in figure 3.13.
Figure 3.13: 80 nm ceramic disk sample, where plug samples were drilled from one edge of
the disk.
3.3.2 Mercury Intrusion
Mercury intrusion experiments were successfully performed on all samples collected can
be found listed in the following section grouped by their rock type.
Ceramics
The ceramics with advertised pore sizes of 150 nm, 80 nm, and 50 nm were analyzed using
the Autopore mercury intrusion apparatus. The results for two repeat measurements of
the 50 nm ceramic sample are shown in figure 3.14.
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Figure 3.14: The incremental mercury intrusion results for the 50 nm ceramic.The red and
blue data sets represent repeat measurements on different sample packings.
The initial large peak in each of the samples is believed to be caused by the use of
the penetrometer originally designed for use with powdered samples. The contact points
between each of the fragmented pieces can then cause erroneous peaks to be displayed
for extremely large pore throat sizes in the recorded measurements. These large pore
size measurements also has an effect on recorded porosity, discussed later. A comparison
of all of the ceramic sample mercury intrusion results can be seen in figure 3.15.
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Figure 3.15: Mercury intrusion peak of interest for each ceramic sample.
The results for each of the ceramic samples were surprisingly similar, with no signif-
icant shift in nanometer-scale pore throat sizes. The lack of a shift in the pore throat
size for each of the samples was of initial concern, as each of the samples should have
shown a shift towards smaller pore throat sizes as the pore throat size labels indicated.
A repeat measurement of the 50 nm ceramic showed nearly identical intrusion measure-
ments, recorded several months apart. The time interval between these two samples was
also important in showing that the unsupervised cleaning and refilling of the mercury
used with the instrument had no effect on results from contamination of the fluids used.
Contamination of the mercury reservoir can result in a shift in the contact angle used
for the data interpretation and incorrect pore size estimations.
Shales and Mudstones
Mercury intrusion measurements were recorded for each of the shale and mudstone sam-
ples received. The samples again needed to be crushed slightly to fit into the annulus of
the penetrometer. A large amount of force was needed to break apart each sample’s lam-
inated sheets into smaller pieces, but this force could have also caused fracturing of the
material indistinguishable for the human eye. The samples also needed to be fully dried
before being added to the penetrometer. This could have caused additional alterations
to the samples pore space from effects on system clays.
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Figure 3.16: The incremental mercury intrusion results for the Lost Lane Quarry shale sample.
Figure 3.17: The incremental mercury intrusion results for the Opalinus shale sample.
70
Figure 3.18: The incremental mercury intrusion results for the Hontomin shale reservoir seal
sample No. 1.
Each of these samples show again the large pore size peaks as described before as
an artifact of sample packing in the penetrometer. They also all exhibit extremely low
porosities with pores becoming apparent at about 20 nm and an additional peak near
5nm. These two peaks may be the result of the matrix porosity of clay tactoids being
exhibited in the larger pore peak at 20 nm, and the clay inter-platelet porosity beginning
to be apparent at the smaller pore size as the interlayer spacing of clay layers begins to
exist for montmorillonite <2 nm [142]. This larger pore size peak could also be the effect
of drying the samples before analysis with the drying of the samples clays generating a
small amount of slightly larger pore throats throughout the sample. As the water and its
suspended ions that keep the charged clay surfaces apart are removed from the sample,
the clays may contract slightly leaving larger void spaces within the sample matrix.
Evaporites
Each of the evaporites received for this project were also analyzed with mercury intrusion
experiments.
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Figure 3.19: The incremental mercury intrusion results for the Brightling anhydrite sample.
Figure 3.20: The incremental mercury intrusion results for the reservoir seal sample from the
middle east.
Both of these results are surprising as there are no detectable pores besides the initial
erroneous peak at large pore throat sizes. These samples both display qualities of being
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largely crystalline in nature, and therefore would have very little pore space within the
samples. This has some important implications to their fluid flow behavior, described in
detail in the permeability and capillary experiments of these samples.
Tight Carbonates
The tight carbonate sample ME1 was also used in mercury intrusion tests shown in figure
3.21.
Figure 3.21: The incremental mercury intrusion results for the interior reservoir tight carbon-
ate seal sample from the middle east.
The results of this test showed that even a carbonate sample can have pore sizes near
the same range as mudstones and shales. This tight carbonate would then display a
similar nature of fluid flow behaviour and sealing characteristics of other seal formations.
Mercury Intrusion Porosity
The calculated porosity of the samples as recorded by the mercury intrusion apparatus
was affected by the erroneous peak caused by the packing of samples fragments in the
penetrometer. In order to remove this effect from the actual porosity of the recorded
porosity value, the total amount of injected mercury and measured porosity was corrected
to match values of only the intrusion peaks found to actual exist in the samples. This
elimination is supported by 3D computerized microtomography imaging discussed in the
sample imaging chapter. The calculation used for this corrected value is as follows:
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Φactual =
Vrelevant
Vtotal
Φtotal (3.1)
where Φactual is the corrected porosity, Vrelevant is the volume of mercury intruded in
peaks smaller than 1 µm, Vtotal is the total recorded amount of mercury that entered the
sample, and Φtotal is the original recorded porosity from the Autopore system. Table 3.2
shows the porosity recorded for each sample along with the modified porosity believed
to be more representative of the sample. The gravimetric porosity is also reported from
measurements taken after plug sample vacuum saturation and oven drying following fluid
flow experiments.
Table 3.2: Sample porosity as determined by mercury intrusion results with original, modified
and gravimetrically measured porosities (%)
Original Mercury Porosity Modified Mercury Porosity Gravimetric Porosity
150 nm 32.8±1.1 25.2±1.1 28.3±0.3
80 nm 30.6±1.1 23.8±1.1 30.5±4.5
50 nm 25.3±1.4 11.0±1.4 15.2±0.5
50 nm - 2 27.1±3.5 9.4±3.5 –
LLQ Shale 9.8±0.4 1.4±0.4 N/A
Hontomin Shale 13.3±1.8 0.9±1.8 6.14±2.1
Opalinus Shale 35.4±2.1 5.2±2.1 N/A
Brightling Anhydrite 18.0±0.7 0.4±0.7 -0.61±1.1
ME Evaporite 11.8±1.1 0.3±0.7 -0.82±6.0
ME Tight Carbonate 16.2±1.0 1.2±1.0 N/A
The results from Table 3.2 show that for each of the samples, a significant reduction
in porosity is calculated following the elimination of the larger pore throats thought
to be caused by the grain contact points. The error reported is propagated from the
manufacture precision quoted for the measurement of injected mercury of 1% of full
penetrometer stem volume. The penetrometers used had a stem volume of 1.100 mL and
thus the precision was taken to be ±0.011 mL. This error in precision remains the same
for both original and modified porosity values, but is more significant for the modified
values as those have overall smaller intruded volumes. The gravimetric values may be
slightly larger than actual sample porosity due to water left on the surface of samples
during weighing after saturation. The porosity was also measured at 4.8±0.6 from the
received saturation without additional vacuum saturation.
3.3.3 XRD/XRF Analysis
XRF results as provided by X-ray Mineral Services Limited are presented in Tables 3.3
and 3.4.
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Table 3.3: Sample XRF Results
Sample Na2O (%) MgO (%) Al2O3 (%) SiO2 (%) P2O5 (%) SO3 (%) Cl (%) K2O (%)
ME Evap 0.27 0.02 0.54 1.29 0.01 60.78 0.16 0.04
Houtomin
Shale
0.18 1.73 7.60 22.65 0.05 0.81 0.06 1.96
ME 1 0.05 0.56 1.04 3.67 <0.01 0.53 <0.05 0.14
Long
Lane Quarry Shale
1.03 1.95 18.68 61.72 0.16 0.08 <0.05 3.49
Boulby
Mid-Band
0.30 0.25 0.73 2.35 0.01 57.83 1.40 0.04
Brightling
Anhydrite
0.09 0.15 0.47 1.26 <0.01 56.36 0.11 0.04
Table 3.4: Sample XRF Results (continued)
Sample CaO (%) TiO2 (%) MnO (%) Fe2O3 (%) BaO (%) LOI (%)
ME Evap 36.38 <0.01 <0.01 <0.01 <0.01 0.5
Houtomin
Shale
32.89 0.42 0.02 2.99 0.02 28.6
ME 1 52.14 0.06 0.01 0.45 <0.01 41.3
Long
Lane Quarry Shale
0.44 1.03 0.06 4.86 0.06 6.3
Boulby
Mid-Band
35.31 0.02 <0.01 0.08 0.01 1.6
Brightling
Anhydrite
37.32 0.01 <0.01 <0.01 0.01 4.1
These XRF results agree with most of the expected results for their previously identi-
fied mineralogy. The tight carbonate sample is found to have the highest concentration of
calcium from the high concentration of calcium carbonate (CaCO3). The middle eastern
evaporite and anhydrite samples have the highest concentrations of sulfur compounds.
A corresponding high calcium concentration indicates a high concentration of anhydrite
(CaSO4). The shale samples have the highest concentrations of clay minerals containing
magnesium, aluminum, silicon, and potassium. The high presence of iron compounds is
also supported in micro-CT images recorded on the samples. The loss on ignition column
for all samples gives a rough estimate of organic and inorganic carbon produced from the
samples from heating to 1080◦C.
The Hontomin sample has a slightly larger concentration of calcium than was initially
expected, but may have been due partially to the portion of the sample sent for analysis.
A visual deviation in sample color was seen to exist half way through the core sample
and may have indicated a change in sample mineralogy. Previous communications with
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CUIDEN noted that the Hontomin reservoir seal formation contained several laminated
variations of carbonate rich layers throughout to seal formation. The XRF results as
provided by the CUIDEN project for a sample close to the location of sample No.1, and
samples above and below sample No. 2 are shown in tables 3.5 and 3.6 along with the
laboratory tests requested in this work on sample No. 1. It should be noted that chlorine,
manganese, and barium measurements were omitted in these received results.
Table 3.5: Hontomin Reservoir Seal Sample XRF Analysis
Sample Na2O (%) MgO (%) Al2O3 (%) SiO2 (%) P2O5 (%) SO3 (%) K2O (%)
No. 1 0.55 2.69 11.40 31.17 0.05 0.20 3.05
No. 1
XMS Ltd.
0.18 1.73 7.60 22.65 0.05 0.81 1.96
No. 2 (above) 0.48 1.96 8.84 25.66 0.06 0.09 2.41
No. 2 (below) 0.29 1.66 5.80 15.06 0.14 3.51 1.24
Table 3.6: Hontomin Reservoir Seal Sample XRF Analysis (continued)
Sample CaO (%) TiO2 (%) Fe2O3 (%) LOI (%)
No. 1 21.04 0.60 4.37 20.82
No. 1
XMS Ltd.
32.89 0.42 2.99 28.6
No. 2 (above) 27.26 0.46 2.98 26.70
No. 2 (below) 32.79 0.25 2.38 36.64
In comparing these provided results with the results obtained from X-ray Mineral
Services Ltd., it could be concluded that the No. 1 sample received is more similar to the
high carbonate content samples observed by CUIDEN than the lower content samples.
The XRD clay (<2µm particles) analysis results for the two high clay content samples
are shown in tables 3.7 and 3.8.
Table 3.7: XRD Clays Analysis
Sample
Wt. % Illite/smectite Illite
<2µm %A %B Order1 % Illite %A %B Crys.2
Long Lane Quarry Shale 7.8 32.2 2.5 O/LR 70-90 41.3 3.2 P
Hontomin Shale 10.8 TR TR O/LR 70-90 62.4 6.7 P
%A being weight % of relevant sample, and %B being weight % of bulk sample.
1Illite/smectite mixed-layer ordering given as RI = Randomly Interstratified (R0), O = Ordered Interstrat-
ification (R1), or LR = Long-range Ordering (R3).
2Crys = Crystallinity given as VW = Very Well Crystallised, W = Well Crystallised, M = Moderately
Crystallised, or P = Poorly Crystallised.
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Table 3.8: XRD Clays Analysis (continued)
Sample
Kaolinite Chlorite Quartz Calcite
%A %B Crys.2 %A %B Crys.2 %A %B %A %B
Long Lane Quarry Shale 10.7 0.8 M 10.3 0.8 M 5.5 0.4 0.0 0.0
Hontomin Shale 6.5 0.7 P 9.3 1.0 P 1.4 0.2 20.4 2.2
The largest conclusion to be made from these results is the lack of smectite found
in the Hontomin sample. This lack of swelling clays may have been the reason for this
sample’s stability during saturation. The Long Lane Quarry sample readily laminated
from changes in water saturation, most likely caused by the swelling of smectite in the
sample. A large calcite concentration can also again be observed in the Hontomin sample.
3.4 Conclusions
The low availability of cap rock samples posed many issues at the beginning of this work
for application to the industrial field. Limited coring operations of cap rock due to limited
use in petroleum operations reduces the overall availability of subsurface samples. Future
studies should then focus on the use of highly characterized samples within the scientific
community for additional interest and the generation of impactful data. Visual inspection
of received samples can show numerous characteristics important for representativeness
of plug samples, as well as an assessment of heterogeneities within the larger sample that
are significant to fluid flow behavior within the formation.
Mercury intrusion results were useful in the initial assessment of expected pore sizes,
but suffered from uncertainty due to available equipment. The use of a penetrometer that
does not require crushed samples would improve confidence in technique results avoiding
the creation of apparent large pores due to sample packing. The modified porosities
proposed are additionally supported with direct pore space imaging of the samples as
shown later in this work.
XRF analysis proved to be useful confirming the suspected mineralogy of each sample,
along with providing additional information important to potential geochemical interac-
tions. XRD clays analysis could be used to improve experiment design and understanding
of sample behavior under changes in water saturation and ion concentration. XRD clays
analysis could be further used in the future to assist in sample selection in avoiding or
ensuring clay swelling behavior presence in samples.
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Chapter 4
Cap Rock Permeability
4.1 Introduction
Permeability measurements of extremely tight geological formations present several dif-
ficulties that often cause traditional experimental methods to be impractical. Single
phase permeability measurements performed with water in rock core samples near the
nano-Darcy range can take days or weeks for a single permeability sample, due to the
low flow rate of water achieved at reasonable pressure gradients. Unsteady-state perme-
ability measurement methods have therefore been proposed to approach the problem in
different ways.
4.1.1 Transient Pressure Decay Permeability Measurement
One method that has been thoroughly examined in literature was proposed during a
study [45] of the permeability of granite, a tight rock with experimental measurements of
permeability approaching the nano-Darcy range. Brace et al. developed an experimental
method consisting of observing the pressure changes in two small enclosed vessels con-
nected by a sample of the rock in question. The observed transmission of pressure from
one vessel to the other is a function of several system parameters: most importantly, the
permeability of the sample [45]. A simplified diagram of the core holder design is shown
in figure 4.1.
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Figure 4.1: Simplified diagram of the core holder apparatus used for pressure decay experi-
ments.
The analysis Brace et al. developed begins with taking the derivative of Darcy’s law
in the direction of flow to determine the net increase of flow into a differential volume:
dq = −
(
kA
µ
)(
∂2P
∂x2
)
dx (4.1)
where k is the sample permeability, A is the cross-sectional area of the sample, µ is the
fluid viscosity, P is the pore fluid pressure, q is the flow rate of fluid, and x is a length
along the fluid flow path. Brace et al. then describes the net storage of the fluid in the
differential volume as the change in the sample pore space plus the amount of fluid added
from the compressibility of the fluid in a increment of time as:
(
∂
∂t
)(
Vpdx
L
)
+
(
Vpdx
L
)
β
(
∂P
∂t
)
dt (4.2)
where β is the fluid compressibility, and Vp is the pore volume of the sample. This net
storage and amount of fluid flowing in the differential volume are then considered to be
equal in that equation (4.2) is equal to −(dq · dt) from equation (4.1) yielding:
(
∂2P
∂x2
)
=
(µ
k
)[∂φ
∂t
+ βφ
(
∂P
∂t
)]
(4.3)
where φ is the sample porosity given by:
φ =
Vp
AL
(4.4)
Changes in sample porosity with time are then assumed to correspond with changes
in fluid pressure of the system with time depending on sample characteristics states as:
dφ = (−φβsdP − dφe) (4.5)
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where βs is the compressibility of the rock grains, and φe is the change in sample porosity
related to overall changes in sample pore space from effective pressure changes given as:
dφe = (βs − βeff ) dP (4.6)
where βeff is the effective compressibility of jacketed plug samples. Then from the
combination of equations (4.3), (4.5), and (4.6) the pressure response within the sample
can be determined as:
∂2P
∂x2
=
(
µβ
k
)[
βeff − βs
β
+ φ
(
1− βs
β
)](
∂P
∂t
)
(4.7)
They then proceed to show that when the fluid storage potential of the rock sample
can be neglected and the porosity is negligible, equation (4.7) could be reduced to:
∂2P
∂x2
= 0 (4.8)
This assumption gives rise to limiting cases in which the pressure response within the
sample is considered to be instantaneous and linear as opposed to more complex models
including pressure transmission rates through porous samples. It is at this point that
the derivation of the supporting analysis of the pressure decay technique becomes more
concerned with the pressure response within the fluid reservoirs and not of the pressure
profile as observed through the plug sample. Further examination of this assumption
has been explored in later works [50–53,53–55,57], but have been shown to have limited
effect on experiment results as long as the optimization characteristics laid out by Lin et
al. [46], Trimmer [48], and Yamada and Jones [1].
Brace et al. [45] then developed a system of equations utilizing an idealized system
shown in figure 4.2, where the rock sample connecting the two larger fluid reservoirs is
simplified to two regions of solid material with a small region of pore space located in
the center of the solids.
Figure 4.2: The idealized rock sample as postulated and used in Brace et al. development of
pressure decay technique.
In figure 4.2, Vup is the volume of the upstream reservoir, Vdn is the volume of the
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downstream reservoir, Vr is the bulk volume of the porous sample, Vp is the volume of
the sample’s pore space, Q is the volumetric flow rate and V is volume. Next, Darcy’s
law (4.9) and the general equation for isothermal compressibility (4.10) are used:
Q =
dV
dt
= −k
µ
(
dP
dx
)
(4.9)
β = − 1
V
(
∂V
∂P
)
T
(4.10)
By rearranging (4.10) for ∂V at constant temperature and substituting into (4.9), we
obtain:
∂P
∂t
=
kA
βV µ
(
∂P
∂x
)
(4.11)
This equation is then applied to the three different fluid volumes of the simplified
picture shown in figure 4.2 to form the following system of differential equations:
dPup
dt
= − (Pup − Pp)
(
χVr
2Vup
)
(4.12)
dPdn
dt
= − (Pdn − Pp)
(
χVr
2Vdn
)
(4.13)
dPp
dt
= − (Pup + Pdn − 2Pp)
(
χVr
2Vp
)
(4.14)
where:
χ =
4k
βµL2
(4.15)
Each of these pressure terms P refers to the pressure found in the specified volume of
fluid in the system. This system of equations can be solved numerically or analytically
using Laplace transforms for the initial conditions: Pup = Pi and Pdn = Pp = P0
at t = 0 as shown in [45]. A slight discrepancy was found between the form of the
analytical solution presented in [45] and the solution derived in this work, giving rise to
an additional term and a discrepancy in the numerical value of two of the denominators
in our solution highlighted in red:
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Pup
[
s2 +
sχVr
Vp
+
χ2V 2r
4VpVdn
+
χ2V 2r
4VpVup
+
χ2V2r
4VupVdn
+
sχVr
2Vdn
+
sχVr
2Vup
]
(4.16)
= Pi
[
s+
χVr
2Vdn
+
χVr
Vp
+
χ2V 2r
4VpVdns
]
+Pdn
[
χ2V 2r
4VpVups
+
χVr
2Vup
+
χ2V 2r
4VdnVups
]
With the full solution from Brace et al. [45] being:
P1
[
s2 +
sχVr
Vp
+
χ2V 2r
4VpVdn
+
χ2V 2r
4VpVup
+
sχVr
4Vdn
+
sχVr
4Vup
]
(4.17)
= Pi
[
s+
sχVr
2Vdn
+
sχVr
Vp
+
χ2V 2r
4VpVdns
]
+
[
χ2V 2r
4VpVups
+
χVr
2Vup
+
χ2V 2r
4VdnVups
]
However, the conflicting terms can be eliminated by assuming that Vr ≪ Vup, Vdn,
yielding the solution found in [45], with the exception of the leading coefficient believed
to be typographical error before the exponential term:
(Pup − Pf ) = ∆P
(
Vdn
Vup + Vdn
)
e−αt (4.18)
in which:
α =
(
kA
µβL
)(
1
Vup
+
1
Vdn
)
(4.19)
Where Pf is the final equilibrium pressure approached by the system, and ∆P is the
initial pressure gradient applied across the sample. This final discrepancy could have
been a typographical error, and has no effect on any of the hundreds of permeability
estimates that have been made using this seminal work. An improvement to the method
was noted by [46], and later on by [78], who showed that by taking the difference of the
upstream and downstream pressures, thermal effects were greatly reduced in laboratory
measurements. This solution can be found using the downstream pressure analog of
eqn.4.18:
(Pf − Pdn) = ∆P
(
Vup
Vup + Vdn
)
e−αt (4.20)
Taking the difference of equations (4.18) and (4.20) to eliminate the final pressure
term yields:
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(Pup − Pdn) = ∆Pe−αt (4.21)
Data used in determining sample permeability is typically linearized by taking the
natural logarithm of the measured pressure difference and determining the slope of the
resulting straight line.
The validity of the assumption made in equation (4.8) is explored in [1,46,48]. These
studies have quantified the error caused by the finite fluid storage capacity of the rock
sample and recommend a design parameter, δ, to be kept under a value of 0.1:
δ =
AL[φβ + βeff − βs(1 + φ)]
β(Vup + Vdn)
(4.22)
This can be simplified further if the deformation of the rock sample is determined to
not be significant to:
δ =
ALφ
(Vup + Vdn)
(4.23)
A δ value of 0.25 yields permeability errors of 10% underestimation of sample per-
meability. More advanced models have been developed following on from Brace et al.,
but they often become unwieldy and rely on iterative methods in order to match exper-
imental data. Most of the complexity of these models comes from solving the diffusion
equation for the pressure profile across the length of the core with time. Bourbie et
al. [53] presented an analytical solution for pore pressure along the length of the porous
sample assuming a constant upstream pressure, but this cannot be solved explicitly for
permeability. Freeman et al. [62] developed a single-sided solution for the flow of air
through low permeability samples that included terms to correct for Klinkenberg gas-slip
effects.
Zoback et al. [89] developed a solution to the equations presented above with a constant
upstream pressure, concluding that the solution proposed by Brace et al. was accurate
in cases where the downstream reservoir was much larger than the sample pore space.
The collaborative work of the experimentalist Neuzil [52] and the theoretical background
provided by Hsieh [51] developed a method for both the determination of permeability
and sample storage capacity with verification provided by experimental results. Their
method involved the graphing of several families of potential response curves for com-
parison to experimental data with the final conclusion that, for negligible sample storage
capacity, the initial derivation by [45] still holds true.
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4.1.2 Numerical Solution of Transient Pressure Decay Model
The pressure decay method was further verified numerically using a simple differential
equation solver in MatLab, and compared to the original solution as proposed by Brace
et al. [45]. This work was performed in collaboration with two undergraduate research
students, Andrew Watson and James Fleming.
The governing system of differential equations (4.12), (4.13), (4.14) as proposed by [45]
was solved numerically using the Matlab ode45 function. The ode45 function [192] relies
on a variable step Runge-Kutta numerical method for the simulation of ordinary first
order differential equations [193, 194]. This allowed for the verification of the above
analytical solution, as well as exploration of the effects of different variables in the system
design.
First a comparison between the analytical solution and numerical solution was made
using parameters for a system with symmetric fluid reservoir volumes, base case test
No. 1. The resulting numerical result and analytical result can be seen in figures 4.3.
The analytical solution is an extremely good fit for the numerical results with a mean
difference of -0.012±0.00056 bar. This difference in the pressure response stems from the
initial pore pressure condition of 20 bar, whereas the analytical solution ignores all fluid
pressures internal to the sample. The difference, 2.91x10−11%, between the exponential
decay coefficients of the numerical results and analytical solution is even smaller.
Figure 4.3: Initial comparison of numerical solution to analytical solution of pressure decay
response.
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Table 4.1: Numerical simulation initial conditions to determine effect of reservoir volume
distribution.
Test No. 1 2 3 4 5 6
Vup(mL) 10 15 19 10 10 100
Vdn(mL) 10 5 1 10 10 .1
Vr(mL) 1 1 1 100 10000 10000
φ(%) 10 10 10 10 10 10
L(cm) 1 1 1 100 1000 1000
The effect of various fluid reservoir volume arrangements was explored by starting
with the basic parameters found in table 4.1, and varying the ratio of the upstream to
downstream reservoir volumes as seen in figures 4.4 and 4.5 for test cases 1-3. Each
simulation was initialized with the same pressure conditions of 25 bar in the upstream
reservoir, sample permeability of 10 nDarcy, and the pore pressure and downstream
pressure both initially at 20 bar.
Figure 4.4: Changes in pressure response predicted via numerical solution by varying ratio of
upstream to downstream reservoir volumes, test case 1, 2 and 3.
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Figure 4.5: Linearization of pressure responses shown in figure 4.4
Figure 4.4 shows how the pressure response of each reservoir is influenced by the
change in fluid volumes within the system, accompanied by a change in the final pressure
approached by the system due to the change in the volume of initial compressed fluid.
More importantly, figure 4.5 shows the linearization of the numerical simulation results as
predicted by (4.21) displaying complete agreement between each of the different systems
in term of the permeability estimated from the slope of each of the curves.
The effect of rock sample pore volume (test cases 4, 5 and 6) proved to be additionally
insightful. Despite the failure of the individual portions of the solution (4.18) and (4.20)
to predict the correct pressure response, as seen in figure 4.6, no change was seen in
the estimated permeability from the analytical solution for tests 4 and 5. Only once
the symmetry of the reservoir volumes was broken is there a deviation of the calculated
permeability values from the input permeability, as shown in Test 6 of figure 4.7. The
details of each simulation input values can again be found in table 4.1.
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Figure 4.6: Change in system pressure response due to varying rock sample volume and fluid
pore space, test cases 4, 5 and 6.
Figure 4.7: Linearization of pressure responses shown in figure 4.6 as well as an additional sys-
tem used to show the effect of an asymmetrical system. Note that the numerical and analytical
results tests 4 & 5 are almost indistinguishable.
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The results of this symmetry test have the interesting implication that the accuracy
of the permeability found for a particular rock sample is increased as the volume ratio of
the two fluid reservoirs approaches unity. This effect has the potential to eliminate fluid
storage effects within the sample for even significantly undersized fluid reservoirs, which
would negate the need for the design considerations mentioned in [46,48].
The effect of the initial pore pressure of the rock fluid has a similar effect to that
of overall rock pore volume size. The initial conditions selected for this analysis were
upstream and downstream reservoirs of 10 mL and a sample volume of 100 mL with a
10% porosity. This was chosen to exemplify the effect of pore pressure on the resulting
solution, but is outside the acceptable bounds as described by [1, 46, 48]. The pressure
response of each reservoir deviates from the analytical solution as the pore pressure is
changed between the different pressures as seen in figure 4.8, but the linearization and
resulting calculated permeability remains unaffected as seen in figure 4.9.
Figure 4.8: Change in pressure response of upstream and downstream reservoirs due to varying
initial pore pressures.
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Figure 4.9: Linearization of pressure responses from varying initial pore pressure as seen in
figure 4.8.
4.2 Experimental Methods
4.2.1 Nano-Darcy Fluid Flow Apparatus
A bench top fluid flow apparatus was designed and built for both permeability and
capillary breakthrough pressure measurements. This apparatus consisted of two major
components: (i) a core holder and confining fluid system and (ii) a pump system for
controlling pore fluid pressure. The core holder used is a biaxial core holder where a
uniform stress is applied in both the radial and axial directions with the plug sample
and fluid inlets assembly fully surrounded by the applied confining fluid pressure. This
will put plug samples in an isotropic stress state for all experiments. The confining
fluid system consisted of a pump for maintaining system pressure and a stainless steel
core holder assembly for applying confining stress to plug samples. The pump initially
used in this system was a simple high pressure manual screw pump capable of achieving
pressures up to 10,000 psi (689.5 bar), but was later replaced with a ISCO pump to
eliminate pressure fluctuations due to temperature fluctuations in the laboratory. A
Quizix Q5000 dual-barrel high precision pump was used for controlling pore pressure
and fluid delivery rates. The pump inlet line had a 2 /mum filter installed to filter all
fluids to avoid contamination of the pore fluid system. This pump was necessary for
the system, as it’s extremely high volume resolution (9 nL per solenoid step) allowed for
high accuracy measurement of produced fluid volume in a reasonable time with small,
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Figure 4.10: The process flow diagram of the fluid flow apparatus used for permeability and
capillary entry pressure measurements.
low permeability, samples. A full flow diagram of the system can be seen in figure 4.10.
The initial selection of the sample plug sizes of 6 mm and 12.57 mm was made in order
to allow for potential in-situ imaging experiments using a micro-CT system.
4.2.2 Single Phase Permeability
Single phase permeability experiments were conducted using water or brine, depending
on the sample. A standard was prepared for use with the shale systems that would reduce
the impact of ion exchange within the shale’s clays. This brine was selected to minimize
either swelling from absorption of free water into clay layers, or shrinkage from excessive
ion concentration in the free water. A brine of 5% NaCl and 1% KCl was selected as a
typical brine used in previous studies to avoid rock alteration [195]. It should be noted
that after these tests, it was made known to the author that this brine should have been
filtered prior to rock saturation as any remaining particulates can easily clog system
pores in tight systems.
Evaporites were saturated with either a brine made of water in equilibrium with
crushed rock, or de-ionised (DI) water if dissolution was not seen to cause issues in
sample permeability. Dissolution effected measured sample permeability in the anhydrite
and polyhalite when exposed to DI water, whereas no dissolution effects were seen in
the middle eastern evaporite sample discussed more in the dissolution results section.
The saturated anhydrite sample brine was filtered through a vacuum flask/filter funnel
filtration system using grade 1 (11 µm) filter paper.The ceramics were saturated with DI
water with no adverse effects being observed.
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The plug samples were removed from the sample vial and paper towel wrapping, and
submerged in the saturating fluid in a vacuum flask. It is important to note that all
samples used in these permeability experiments had not been oven dried prior to fluid
flow measurements. This can only be achieved in this work through the use of the
wetting phase as the working fluid and not a gas system, as capillary effects would have
a substantial impact on measured values. If dried samples are used for the use of gas
systems, large changes in the sample structure are likely to have occurred, interfering with
interpreted results. The vacuum flask was connected to a vacuum pump, and a vacuum
was applied at room temperature. This pressure was maintained for several minutes,
while the fluid de-gassed. The vacuum pump was stopped, the system sealed and the
sample was allowed to saturate for at least four hours, or overnight under this vacuum.
Ambient pressure was restored and the mass of the saturated sample was recorded after
it was removed from the saturating fluid and patted dry to remove surface water from
interfering with recorded mass.
The saturated sample was then placed in either a 6 mm or 12.57 mm section of Viton
tubing long enough to cover the length of the sample as well as a significant portion of
the stainless steel fluid inlets. The Viton tubing-inlet assembly was secured using tinned
copper wire doubled over itself then twisted tight with needle-nosed pliers. If the pressure
decay fluid reservoir fluid inlets were being used, they were filled with the saturating fluid
before being connected to the plug sample.
The Quizix Q5000 dual-barrel high precision pump used for controlling system pore
fluid injection rates and pressure was then filled with the saturating fluid through the inlet
filter. This usually required oscillating the pump cylinders completely full and empty
several times until air bubbles were no longer observed to be leaving the cylinders. The
fluid flow lines to the core holder assembly were purged of air and any fluid remaining
from previous experiments.
The plug sample assembly was then loaded into the stainless steel core holder and
connected to the fluid flow lines and sealed. At this point the heating jacket of the core
holder was connected and the system temperature set to 50◦C. The entire core holder was
tilted to approximately 20◦ from horizontal and connected to the inlet of the confining
fluid flow line to purge as much air from the core holder confining fluid space as possible.
Confining fluid was introduced using the confining fluid pump until fluid was observed to
leave the downstream outlet of the core holder. The core holder was moved back to the
horizontal position and the outlet of the core holder connected to the remaining portion
of the confining fluid flow line. The outlet valve of the confining fluid flow line was then
opened and confining fluid passed through the system until no more air was observed to
be being purged. The outlet confining fluid valve was closed and confining fluid pressure
raised to 10 bar.
Pore pressure was then increased on the upstream and downstream sides of the core
to 5 bar, and the pump response was monitored for leaks within the system. Confining
pressure was raised in 5 bar increments, followed by pore pressure increases, maintaining
91
the same effective pressure on the sample at each pressure step, until a confining pressure
of 25 bar was reached. At this point, the confining pressure was raised to 30 bar and the
upstream pressure to 25 bar. It should be noted that this is a low pressure differential
between the pore fluid and confining fluid pressure to avoid annulus flow, with a much
higher pressure deferential often advised at over 40 bar. These annular flow concerns are
believed to not have an effect on these experiments from the later analysis of permeability
response of the samples. Annular flow effects were likely suppressed in these experiments
from the very smooth, near polished exterior of the sample plugs resulting from the use
of an extremely fine-grit plug drilling bit.
The system was allowed to equilibrate for several hours or usually overnight, while
recording the fluid flow rate. Each change in sample effective pressure was allowed to
equilibrate until no further changes in fluid flow rates were observed in the pore fluid or
confining fluid pumps. This equilibration happened over the course of several minutes
with any additional creep effects unobserved in sample permeability tests. The effect
of fluid creep would have yielded systematic errors towards higher sample permeabilities
with the fluid production from the sample pore space in decreasing effects over the course
of time required for the multiple measurements.
Steady-State Permeability Measurement
Steady state permeability was recorded for relatively “high” permeability samples (in the
range above 1 µDarcy) by measuring the fluid flow rate both entering and leaving the
sample under constant pressure drop conditions. The permeability of the samples was
then estimated simply from Darcy’s law.
Pressure Decay Permeability Measurement
Pressure decay measurements were recorded under saturation of a liquid wetting phase
to determine the absolute permeability of all samples. The performance of these exper-
iments using a liquid rather than gases is considerably more susceptible to experiment
difficulties, but is important in maintaining sample and avoiding capillary effects in these
systems. Two fluid reservoirs were engineering and installed at the inlet and outlet of the
plug sample assembly to allow for the measurements to be made. These reservoirs were
specified to conform to the design parameters [1, 47, 48] previously described, to ensure
that the fluid storage potential of the pore space of the plug sample would have a negligi-
ble effect on permeability measurements. The fluid reservoirs were fabricated out of 5/8”
stainless steal hex bar with 1/4” NPT taps on both sides for installation of off-the-shelf
fluid flow adaptors. 5/8” hex bar was used as the point to point measurement of the
stock hex material was the maximum size to fit in both the stainless steal bench-top core
holder, as well as the 19 mm carbon fibre core holder. The fittings in contact with the
plug sample were machined to 6 mm for the smaller plug samples and 12.57 mm for the
larger plug samples. The other side of the fluid reservoirs was affixed with a 1/16” dual
ferrule fittings used with standard high pressure tube fitting connecting to the fluid flow
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lines. A diagram of the finished fluid reservoirs can be seen in figure 4.11.
Figure 4.11: Construction of the fluid reservoirs for the measurement of sample permeability
using the pressure decay technique.
These fluid reservoirs were designed to reside within the confining fluid system. This
ensured constant thermal equilibrium with the plug sample to minimise the effect of
thermal fluctuations within the lab on the pressure measurements, which would be max-
imized in the use of liquid over gas in this system. The final assembled fluid reservoir
components for both the 6 mm and 12.57 mm plug samples are shown in figure 4.12.
Figure 4.12: Both sizes of assembled fluid reservoirs used for pressure decay permeability
measurements with 1/16” (1.588 mm) ferrule flow line connector and smooth 6 mm and 12.57
mm straight pipe connector to be fixed to face of plug sample.
The final volume of the upstream and downstream pore fluid flow volumes was de-
termined using Boyle’s Law gas expansions tests. The calibrated volume of the Quizix
pump cylinders was determined by examining the pressure response for each cylinder
given a measured change in cylinder volume in a closed system. Each of these tests was
repeated at least five times. The change in gas compressibility over these pressure steps
was assumed to be negligible over the low pressures applied (below 10 bar) and being
performed at room temperature.
After determining the volume of each Quizix pump cylinder relative to it’s displayed
value, the volume of the upstream and downstream pore fluid volumes was determined in
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the following manner: a stainless steel blank plug was installed in place of a porous sample
to act as an impervious barrier to flow. The volume and pressure of the Quizix pump
cylinder were recorded as well as the pressure in the reservoir fluid side of the pneumatic
valves. The valve was opened and from the equilibrated pressure, the volume of the fluid
reservoir side of the pneumatic value could be determined. This volume includes the
volume of the fluid flow lines from the Quizix pump to the core holder assembly, which is
necessary for the proper analysis of the pressure decay test. This volume was assumed to
make a negligible contribution to thermal effects on the measurements due to the small
volume added by the 50 µm I.D. 1/16” (1.588 mm) O.D. tubing. The final recorded
volume for the 6 mm and 12.57 mm plug system reservoirs is shown in table 4.2.
Table 4.2: Quizix pump cylinder volume and fluid reservoir volume measurements.
Upstream Volume (mL) Downstream Volume (mL)
Quizix Pump Cylinder Volume 12.60±0.03 16.51±0.03
6 mm Plug Reservoirs 11.69±0.35 10.26±0.18
12.57 mm Plug Reservoirs 12.04±0.09 10.97±0.18
An initial pressure condition of 25 bar upstream pressure and 20 bar downstream was
stabilized within the system before closing the pneumatic valves of the Quizix pump to
isolate the fluid reservoirs and plug sample. This initial condition was re-established
following each permeability measurement, and repeated three times to gain statistical
confidence in the measured value.
The result of a pressure decay test for the 12.57 mm Brightling anhydrite sample can
be seen in figure 4.13 along with the linearised pressure difference.
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Figure 4.13: Pressure response of upstream and downstream fluid reservoirs during pressure
decay experiment along with pressure difference linearisation.
The natural log of the pressure difference between the upstream and downstream
reservoir is then calculated for each time step. This should result in a linear trend from
which a slope can be determined by fitting a linear equation to the data. This calculation
corresponds to the rearranged form of equation 4.21:
ln (Pup − Pdn) = ln∆P +−αt (4.24)
where,
α =
(
kA
µβL
)(
1
Vup
+
1
Vdn
)
(4.25)
The value for α can then be equated slope of the plotted pressure difference data.
The viscosity, /mu, and compressibility of the pore fluid, β, can be readily found in
literature data for various systems. The volume of each of the fluid reservoirs, V1 and
V − 2, having been previously been determined in the gas expansions tests and a known
cross-sectional flow area from measuring the diameter of the plug sample , A, then allows
for the determination of the sample permeability, k.
For the above example, a slope of -5.864 x 10−6 s−1 was determined from the linear fit
to the natural logarithm of the pressure difference. The viscosity of water at 50◦C and
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300 psi(20.6 bar) was reported as 5.47 x 10−4 Pa-s [196], and with a fluid compressibility
of 4.394 x 10−10 Pa−1 [197]. Then using the measured sample diameter of 12.51 mm
and the fluid reservoir volumes as reported in table 4.2, a sample permeability of 1.10
nanodarcy can be determined.
4.3 Results
4.3.1 Steady-State Permeability
The samples used in permeability tests can be found with more description in the Initial
Rock Characterization chapter of this work. Steady state permeability measurements
were possible with samples in the low microDarcy range, as seen for the 6 mm plug
of the Brightling anhydrite and the ceramic control samples. These measurements were
performed under constant pressure drop conditions using the Quizix pumps to record the
amount of fluid injected and received from the system. The permeability response due
to changes system effective pressure can be seen in figure 4.14. The effective pressure
in this work is defined to be the confining pressure applied to the system minus the
average of the upstream and downstream pore pressure. The y-axis error bars represent
the disparity of recorded sample flow rate between the upstream and downstream pump
cylinders of the Quizix pump. The x-axis error bars represent the spread of the effective
pressure across the sample due to the pressure drop in the pore fluid.
Figure 4.14: Change in permeability of 6 mm Brightling Anhydrite sample with varying
effective stress as determined by steady state method.
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These permeability results show the decrease in sample permeability with increasing
effective pressure, followed by a hysteresis effect of a permanently reduced sample per-
meability following relaxation of the applied stress. This trend will be further discussed
following the presentation of pressure decay results. Steady state permeability mea-
surements were also observed on the ceramic samples during sample saturation prior to
capillary threshold pressure experiments shown in table 4.3. These measurements were
recorded without regard to applied system stresses, instead focusing on matching non-
wetting/wetting phase fluid pressures prior to capillary threshold pressure experiments
with only mean values represented.
Table 4.3: Steady-state method permeability measurements and standard deviation for ceramic
samples.
Sample # of experimental measurements
Measured
Permeability
(µDarcy)
50 nm 9 7.9±0.2
150 nm 12 15.8±4.0
4.3.2 Pressure Decay
Pressure decay tests were performed for the Brightling anhydrite, Hontomin shale, and
Middle Eastern evaporite samples. Additional tests were attempted on the Lost Lane
Quarry and Boulby polyhalite samples, but limitations caused by fluid reaction effects
on these samples proved to be too detrimental for the experiment to continue. The Lost
Lane Quarry sample was extremely sensitive to pore fluid composition and delaminated
under all conditions considered. The Boulby polyhalite proved to be too water soluble to
be properly characterized. The use of a saturated brine may have limited these effects in
the polyhalite sample, but time consideration following successful anhydrite tests made
this infeasible.
The effective pressure (EP) for the this set of experiments was taken to be the differ-
ence of the confining pressure and the average of the inlet and outlet pore pressures. The
error bars presented for each sample permeability map in the y-axis direction are given
as the standard deviation of at least three consecutive experiments. The x-axis error
bars represent the spread of effective pressures applied to the sample over the average of
the inlet and outlet pressure conditions.
The full permeability map of the Brightling anhydrite 6 mm plug sample showing an
initial compression and relaxation sweep is shown in figure 4.15. One pressure decay per-
meability measurement was recorded for each stress state due to the sample’s unexpected
high permeability following tests with the tight sandstone sample. One additional test
was repeated at the second pressure step of 12.5 bar EP, which showed a good agreement
with the previously recorded value after two days of equilibrating under the new stress
state. Following this compression, the effective pressure of the system was reduced while
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recording additional pressure decay permeability measurements. These measurements
were stopped after several steps but before reaching the initial stress state due to no
distinct change in permeability being observed as the effective pressure was reduced.
Figure 4.15: Change in permeability of 6 mm diameter Brightling anhydrite sample with
varying effective pressure.
The pressure decay results from the 6 mm Brightling anhydrite sample was then
compared to those collected using the steady state procedure on the same sample prior to
performing the pressure decay measurements. The error between the two measurements
is shown in figure 4.16 as the percentage difference of the pressure decay value subtracted
from the steady state permeability value and divided by the steady state value.
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Figure 4.16: Percent difference between steady state permeability measurements and pressure
decay measurements for the 6 mm Brightling Anhydrite plug sample.
These results show a systematic error is affecting either the steady state or pressure
decay permeability measurements. The error reported for the steady state measurements
stems from inconsistencies in measured volumes between the upstream and downstream
Quizix pump cylinders. This may indicate tracking issues with the pump cylinders lead-
ing to a error in calculated permeabilities. These steady state measurements are also
near to minimum of measured permeabilities possible that may also add to system error.
The pressure decay technique is capable of measurements 4 orders of magnitude lower in
permeability before fluid flow was no longer observable. This underestimation of sample
permeability with the pressure decay technique can also be indicative that sample fluid
storage effects are effecting results as shown by Yamada et al. [1] in figure 4.17.
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Figure 4.17: Expected non-linear behavior in pressure decay permeability measurements from
the effect of sample fluid storage potential. Reproduced from [1].
However, the early time frame bending of the pressure linearization curve is not present
as shown in figure 4.18, as well as mercury intrusion results showing the sample as having
an extremely low porosity.
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Figure 4.18: The linear pressure response of one of the Brightling anhydrite pressure decay
permeability tests showing no early time frame bending.
The overall fluid volume collected from the Quizix pumps over the course of an hour
during these steady state tests was on the order of 20-30 µL. The large error bars shown on
some of these measurements are due to the large deviation in recorded volume between the
upstream and downstream Quizix pump. This may suggest issues with volume tracking
at these small volumes. Constant volume tests indicated no leaks within the system,
which would have been easily detected due to the compressibility of water.
Following the development and machining of new 12.57 mm plug diameter fluid reser-
voirs, the permeability of a 12.5 mm diameter Brightling anhydrite plug was also ex-
amined using a similar compression then relaxation stress process followed by a final
compression back to the maximum recorded value as shown in figure 4.19. Again, a
minimum value was seen in the permeability response of the sample at 34.5 bar as the
effective pressure was increased. No recovery of the initial permeability was seen while
lowering the system effective pressure following the first compression cycle. The sample
permeability was actually seen to decrease from the maximum stress point back to the
previously found minimum before leveling off. Finally, the sample was compressed again
back to the previously seen inflection point with no further change in sample permeability.
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Figure 4.19: Change in permeability of 12.57 mm diameter Brightling anhydrite sample with
varying effective pressure.
The permeability change of a the Middle Eastern evaporite 12.57 mm sample can be
seen in figure 4.20 following a similar experimental pattern of compression followed by
stress relaxation. The y-axis error bars represent the standard deviation of three repeated
permeability tests performed sequentially, and the x-axis error bars again represent the
pressure spread across the sample. A similar decrease in permeability is seen similar to
previous samples as effective pressure is increase to a minimum permeability inflection
point, where permeability is then seen to increase with further increases in system stress.
As effective stress was released from the system, the sample returned to its previous
minimum value as seen in other samples. The permeability then continued to decrease
to a value that warranted ending the experiments early due to time constraints. This
final decrease in sample permeability is though to be the effect of sample dissolution.
This dissolution effect is not thought to have had any effect on any of the preceding
permeability measurements of this sample due to the maintained exponential relationship
with varying effective pressure until this final data point.
102
Figure 4.20: Change in permeability of 12.57 mm diameter Middle Eastern evaporite sample
with varying effective pressure.
The permeability response to varying effective pressure was then measured for the
Hontomin shale sample and can be seen in figure 4.21. A majority of the plug samples
that remained intact following saturating in the vacuum flask were bored perpendicular
to the bedding plane of the larger sample. The successful experimemnt results shown
here are taken from a plug sample bored perpendicular to the bedding plane. This likely
a more reasonable fluid flow pathway in reservoir systems as the driving forces for fluid
flow would largely arise perpendicular to the formation bedding plane rather than parallel
to it. The y-axis error bars represent the standard deviation of multiple measurements
taken sequentially on the sample, but the return values do not have error bars as multiple
experiments were found to have failed. This failure criteria was observed as a no change
in fluid reservoirs pressure after several days of observation. The x-axis error bars again
represent the spread of the pressure gradient across the sample at the beginning of each
measurement.
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Figure 4.21: Change in permeability of 12.57 mm diameter Hontomin shale reservoir shale
seal sample with varying effective pressure.
All of the samples showed a linear trend in the log/log plots of permeability against
effective stress during the initial increase of stress. The different slopes of these power
laws are compared after being normalised by the initial effective pressure value recorded
and initial permeability as shown in figure 4.22.
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Figure 4.22: Comparison of normalized effective pressures and normalized permeability re-
sponse for each sample during decrease in permeability phase. Experiment data points fit with
the fine-dotted trend lines with corresponding slope shown in the figure. Literature linear trend
fits also shown from similar works as the think dashed lines. The rock type of the samples are
as follows: Krechba cap rock(Armitage 11 [58]), Illitic shale both parallel and perpendicular to
sample bedding (Jones 98 [198]), 2 individual samples from Scotian shelf shale (Katsube 91 [76]),
Westerly granite (Morrow 94 [87]), Wilcox shale (Kwon 01 [78]).
The value of the slope of each of these curves corresponds to the rate at which the
permeability of each sample changes with applied stress. The comparison to slopes from
other samples in previous studies shows that the values found in this work are in a similar
range of values, but no strong comparisons exist between similar rock types. Samples
with a steeper slope may be more ductile in nature or have pore structures that are
supported more sparely than samples that withstood stress more. A concerning relation
between the 6 mm and 12.57 mm Brightling anhydrite sample exists in the rather severe
disparity between the response of the different sized samples. The fluid flow in the 6 mm
sample may have been through sample fractures or a annulus around the plug sample
in a very different flow path than the pore network of the sample itself resulting in the
orders of magnitude higher permeability, but also shows that the sample resisted changes
in effective stress more than the larger sample.
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A similar comparison can be performed on the change in sample permeability beyond
the minimum (or rapid change in response) where permeability of most of the samples
increased with increasing stress as shown in figure 4.23.
Figure 4.23: Comparison of normalized effective pressures and normalized permeability re-
sponse for each sample during the increase in permeability following inflection point.
Figure 4.23 shows a greater range of permeability behavior between the samples as
the effective pressure was increased to higher values. The Brightling anhydrite 12.57 mm
sample and the Middle Eastern evaporite samples showed the most intriguing behavior
following their inflection points. The Brightling anhydrite 12.57 mm sample went from
being the most susceptible to changes in stress prior to the change in behavior, to being
the most resilient to permeability increases. The Hontomin shale sample performed in
an opposite manner, going from the most resilient to stress changes for permeability
decrease to the most susceptible to permeability increases at higher stresses.
This change in behavior likely is caused by the characteristics intrinsic to each sample.
The sudden change in behavior of each sample may have stemmed from the formation of
microfractures, increasing fluid transmission. Anhydrite has a higher Young’s modulus
[199] than typical shales, meaning that prior to fracturing the pore structure of the
anhydrite sample was more susceptible to changes in stress than the shale sample. After
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the inflection in permeability trends, the shale could then have begun to show more of it’s
laminated structure, facilitating the formation of microfractures throughout the sample.
The stress at which the beginning of the microfracturing then occurs is suspected to
be directly related to the yield stress of each of the different samples. The rate of per-
meability change after the inflection in sample permeability would then be related to the
propagation and growth behaviors of the fractures within the sample. The evaporite has
the most undisturbed of crystal growth structures as observed both in plug sample ap-
pearance, as well as SEM imaging at the pore scale as seen in the Imaging chapter of this
work. The microfracturing may then be propagating most easily at crystal boundaries
where material strength would be at its lowest. These crystal boundaries are also some
of the only places where pore space was observed to have existed in the SEM images,
further connecting any existing fluid pathways.
The Hontomin shale sample showed the most rapid permeability change after mi-
crofracturing. This behaviour may have been due to the intrinsic laminar platelet struc-
ture found commonly in shales and mudstones. This laminar structure makes fracture
propagation and widening following formation easier in the bedding direction of the
sample platelets. The Brightling anhydrite sample was observed to have the most amor-
phous of crystal structures a the nanometer scale. This amorphous crystal structure can
be partially expected due to the varying appearance of the sample even at the plug scale.
This non-uniform pore structure then is able to resist fracturing easily following frac-
ture formation due to limited propagation paths before a change in the crystal structure
direction and pore space.
The results for the 6 mm plug sample appear to be atypical due to it’s continued
decrease in permeability following a slight inflection point, compared to the systematic
response of the more representative 12.57 mm plug.
The behavior of each of the samples during the stress relieving portion of the ex-
periments can be interpreted in a very similar manner. The permeability of the samples
returned to the minimum permeability observed during compression as the induced micro
fractures closed and then no further recovery of the initial sample permeability is seen.
The only exception is the Middle Eastern evaporite sample that continued to decrease in
permeability moving to lower effective pressures, but this may be explained by the fluid
phase used for this experiment.
The anhydrite sample permeability tests were performed using a saturated brine of
crush bulk material after observing sample dissolution in initial tests. The Hontomin
shale sample used a NaCl/KCl brine for a pore fluid to reduce the instance of clay
swelling or shrinkage with the sample. Unfortunately, there was not enough bulk mate-
rial available from the Middle Eastern evaporite sample to create a saturated brine, so
deionized water was used instead. This isn’t thought to have affected any results prior
the final decrease in sample permeability, as the permeability response followed linear
trends prior to the final decrease in permeability. This is likely due to either low sample
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solubility in water, or from the rather small amount of total fluid that passed through
the samples over the course of the tests. A synthetic brine similar to formation fluids
could also have been used to reduce the risk of sample alteration.
The minimum in permeability that occurs in each sample, even following additional
loading tests as performed on the 12.57 mm Brightling anhydrite sample, is thought to
have been caused by compaction of the pre-existing pores until a final minimum value
is reached at material failure. The uniqueness of this failure point for each sample lies
within a relatively narrow range in stress states around 100-200 bar effective pressure.
This similarity between samples may be indicative of system error rather than the pres-
ence of a physical change in each sample due to the similar value for each experiment
that could be further supported in comparisons to measured sample failure stresses in
triaxial tests. Conversely, although they emerge at similar values, they each are at ob-
servable different effective pressures with no exact corresponding values. In this observed
increase in sample permeability, microfractures form increasing the sample permeability.
These newly formed fractures can then easily reseal following relaxation of system stress
because there has been no change to the microfracture opposing faces. This allows each
microfracture to fully close and the sample’s permeability returns back to the minimum
value.
4.4 Post-Fluid Flow Sample Examination
Plug samples were removed from the core holder after permeability and capillary thresh-
old pressure measurement experiments at the same pressure as the final experiment
measurment by depressurizing both Quizix pump upstream and downstream cylinders
simultaneously through a inlet fluid control valve. This was done in a controlled manner
by throttling the value slightly to slow production of fluids from the pumps as dissolved
gases in the pore fluid evolved from the pressure change. After the pore fluid pumps
reached atmospheric pressure, the confining fluid pressure was relieved via the fluid out-
let valve (V3). The core holder assembly was then dissembled, and the final plug sample
weight recorded. The plug samples were then placed in a 50-80◦C oven for several days
to dry and a final sample weight recorded. These values were used in some of the final
gravimetric sample porosity measurements shown in table 3.2.
Several anhydrite plug samples were removed with almost no visible changes after
experiments. Slight indentations on the faces of the plug were slightly visible from contact
with the stainless steel inlets. Many of the shale samples had cleaved along the bedding
plane of the sample, but this may have also been an effect of the fast depressurization
of the system leaving the pore fluid at elevated pressures when the confining fluid was
relieved. The middle eastern evaporite sample showed some slight lightening near the
fluid flow inlet void spaces that may indicate dissolution of the sample.
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4.5 Conclusions
The permeability response of changing sample effective pressure was successfully recorded
for the Brightling anhydrite, Hontomin shale, and Middle Eastern evaporite geologic
samples. These permeability measurements were made possible in reasonable time frames
due to the employment of the pressure decay permeability technique using water as a
saturating fluid. Unique trends were observed in the effective pressure response of each
sample following changes in system effective pressure. These trends showed a exponential
decrease in sample permeability to a critical point in which further increases in sample
effective pressure resulted in the increase in permeability. This increase in permeability
was hypothesized to be caused by microfracturing within the sample pore space under
high stresses. These microfractures were then able to reseal following the relaxation
of confining fluid pressure due to no shifts in fracture geometry allowing for opposing
matching faces to be realigned with no change in sample pore space. Following high
effective pressures, samples were observed to maintain a permeability significantly lower
than the initial measured permeabilities as a result of sample compaction.
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Chapter 5
Threshold Capillary Pressure
5.1 Introduction
The maximum storage capacity of geologic formations under consideration for storage of
carbon dioxide is of large importance in the design of project injection operations. The
physical trapping of carbon dioxide in reservoirs by the reservoir sealing formation is seen
as the most important trapping process in geologic storage of carbon projects in early time
frames [200]. The containment of the non-wetting phase in the desired reservoir formation
is determined by the capillary forces required for a non-wetting fluid to begin draining
the wetting phase from the reservoir cap rock. These formations are characterised as
usually having low porosities, permeabilities, and small mean pore body and throat
sizes. These small pore throats give rise to the high capillary pressure needed in order
for a non-wetting fluid to pass through them following the Young-Laplace equation.
Several previous works have developed different experimental techniques for the mea-
surement of a maximum storage potential of seal formations. Capillary entry pres-
sure [17, 101], capillary threshold pressure [95, 96, 103], capillary breakthrough pres-
sure [117], capillary snap-off pressure [94, 98, 99, 201], and other designations have all
been mentioned in similar experiment measurements. A thorough review of terminology
is given by Hildenbrand et al. [98]. Each of these names describes a unique process during
the drainage process, but are often indistinguishable experimentally.
The pressure at which the non-wetting phase initially begins to drain any of the sample
pore space is defined as the capillary entry pressure. The capillary threshold pressure
(CTP) is the pressure required to connect a drained pore space pathway from one core
face to the other, and the breakthrough pressure is the pressure required to maintain
this connected non-wetting phase pathway. The capillary snap-off pressure is the first
process in imbibition as the wetting phase imbibes back into the porous sample. The
non-wetting phase pathway is disconnected due to the capillary pressure of the wetting
phase at the smallest of the pore throats [112].
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The initial period in which the non-wetting phase begins to drain any of the sam-
ple pore space is the capillary entry pressure. This is difficult to distinguish from the
capillary threshold pressure or breakthrough pressure in cap rock samples due to the
extremely small pore volume often involved. The measurement of the transition between
capillary entry pressure and capillary threshold pressure will depend significantly on the
heterogeneity of the sample pore throat sizes and pore body to throat size ratio. If pore
throat sizes are uniform across the analysed sample and similar to the pore body size,
there will be little difference between the pressure required to begin to enter the sample
pore space, and that which is needed to create a connected non-wetting phase pathway
across the length of the sample.
After the threshold pressure is exceeded, the non-wetting phase will continue through
the pore space until the non-wetting phase reaches the other side of the core at which
point the breakthrough pressure will be established. After this point, the pressure of
the non-wetting phase will need to be lowered to a value well below the breakthrough
pressure for snap off to occur and cease the flow of the non-wetting phase. This pressure
has significance in geologic carbon storage scenarios, as it will be the pressure at which
the reservoir pressure will need to be lowered to in order to cease any leakage that may
have occurred if the threshold pressure has been exceeded during injection operations.
There have been several experimental approaches developed to measure one of these
phenomena. The traditional method of determining sample threshold pressure is to
apply a pressure gradient across the porous sample in incrementally increasing steps
over the course of several days until continuous wetting phase flow, and eventually non-
wetting phase production, is seen on the downstream side of the sample [95]. Two
other approaches have been developed using either a constant pressure drop (Egermann
et al. [96]), or a racking method using a constant upstream pressure with a constant
withdrawal rate of the downstream pump attributed to Meyn et al. (citation given
in [17], but text unavailable). Both of these methods aim to minimize the experiment
time needed for successful measurements to be performed, but the racking method is
susceptible to being highly erroneous if the wrong initialization parameters are selected.
5.2 Methods
The choice of methods for this work was influenced by considerations of both the time
taken for experiments and the resulting accuracy. The traditional step-wise measurement
technique is considered to be the most accurate of the measurements, but requires long
time considerations, and results are not always easily analyzed. The dynamic method can
greatly shorten experiment time, but requires highly accurate fluid volume measurements
and careful consideration of initial conditions. A new method has also been developed to
eliminate the need for expensive fluid measurement devices. Initial estimates of expected
capillary threshold pressure can be calculated using the correlation as developed by
Thomas et al. [95]. All experiments were performed using the same fluid flow apparatus
as shown in figure 4.10.
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5.2.1 Traditional Step-Wise Capillary Threshold Pressure Mea-
surement
The traditional technique is started by ensuring that the porous sample is fully saturated
once loaded into the core holder. The confining fluid pressure for these experiemnts was
selected at a pressure significantly higher than the anticipated capillary threshold pressure
value to ensure sample bypass flow does not occur. This places a large restriction on the
effective pressures one is able to observe in these experiments as a large pressure gradient
and significant confining fluid pressure is required. The full saturation of the samples
is accomplished by pressurizing the system to a pore pressure of 25 bar upstream and
20 bar downstream after vacuum saturation and leaving overnight for any free gases
left in core pores to be swept from the core. Following this saturation, the system is
de-pressurized and the inlet flow line of the pore fluid system is drained with the non-
wetting phase. The sample plug assembly is rebuilt and the pore fluid in each upstream
and downstream pump raised in small corresponding steps as to not apply a large pressure
gradient across the core while re-pressurizing. Once the saturation pressure of 20 bar is
once again reached by the wetting and non-wetting phases, the pressure of the upstream
non-wetting phase is raised in a step-like manner. The size of these pressure steps is of
high importance, as it will yield the largest uncertainty of the measurement. For each
pressure step the produced wetting phase from the sample is monitored in the downstream
pore pressure pump. Once the capillary threshold pressure is reached as the difference
between the upstream non-wetting phase and downstream wetting phase, there will be
a marked increase in produced wetting phase from the sample in the downstream pump
as shown in Figure 5.1. The capillary threshold pressure measured from this experiment
is between 30 and 31 bar at this downstream pore pressure of 20 bar.
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Figure 5.1: This plot shows the results of one of the traditional capillary threshold pressure
measurement tests performed with a water/N2 system on the 150 nm ceramic sample.
5.2.2 Dynamic Capillary Threshold Pressure Measurment
The dynamic method as developed by Egermann et al. [96] was used to record core
capillary threshold pressure in a way that was more time efficient than the traditional
method. The plug sample was saturated in a similar manner to the traditional method
with the same confining fluid pressure selection criteria as before, but instead of having
to de-pressurize the whole system to purge the wetting phase from the upstream flow line
and pump cylinder the sample was isolated using a in-line PEEK plug valve located close
to the core holder assembly. Initial tests showed issues with gas breakthrough occurring
without a significant period of initial observed drainage essential for the technique. This
is thought to occur from the upstream flow line being improperly drained leaving bubbles
within the line. It was decided that simplifying the upstream flow line configuration for
dynamic method tests may help in ensuring the upstream line remains completely free of
the wetting phase after being drained. A PEEK valve, V8, was installed to allow for the
pore pressure within the sample to be maintained while the upstream pump is drained.
This flow line simplification can be seen in in figure 5.2.
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where P thresholdc is the capillary threshold pressure, µw is the viscosity of the wetting fluid,
and Qeffw is the flow rate of the wetting phase leaving the sample after contact of the inlet
face of the sample with the non-wetting phase leading interface. The results from one of
the dynamic capillary threshold measurements tests on a 6 mm plug sample from the 50
nm ceramic sample can be seen in figure 5.3. Region I shows the single wetting phase
fluid production from the sample prior to contact with the non-wetting phase, region II
shows the drainage portion of the experiments, and region III identifies gas breakthrough
when non-wetting phase has begun to enter and expand in the downstream pore fluid
flow lines. The linear fit of region I is used to determine the single phase permeability (k),
and a seperate linear fit of region II is used to determine the effective flow rate (Qeff ).
These two terms are then used along with well studied fluid properties to determine the
capillary threshold pressure using equation 5.2.
Figure 5.3: Dynamic capillary threshold pressure experiment result on 6 mm 50 nm ceramic
plug sample.
This result shows the various changes in wetting phase production rate critical for
the determination of capillary threshold pressure. The initial wetting phase production
corresponds to the single phase permeability of the sample. The production rate then
decreases significantly due to the capillary pressure effect on overall fluid flow driving
forces. The increase in apparent wetting phase production following gas breakthrough,
is actually caused by the expansion of the non-wetting phase gas in the downstream
fluid flow lines changing from the upstream pore fluid pressure to the pressure set on the
downstream side of the plug sample as well as changes to viscous forces from the reduced
115
viscosity of the non-wetting phase.
5.2.3 Dynamic Method Verification
The dynamic method results were first verified for the 150 nm ceramic sample by com-
paring the results for the same fluid system of N2/water. Tests were then performed
using different non-wetting phase fluids of gaseous and supercritical carbon dioxide on
the same 6 mm plug sample. A comparison of the results for three of these different fluid
systems and the results from the traditional method are shown in figure 5.4.
Figure 5.4: Comparison between the traditional capillary threshold pressure measurement and
that of the dynamic method on the same 150 nm ceramic 6 mm plug sample.
It is clear from these results that there exists a good agreement between the dynamic
method and the tradition stepwise method for the N2/water system. The drop in cap-
illary threshold pressure from the N2/water system to the gaseous carbon dioxide and
supercritical carbon dioxide systems is to be expected due to the decreasing interfacial
tension for each system.
The results of each fluid pair system can be examined for the different fluid combina-
tions using an analysis of the change in interfacial tensions. This comparison is based
on the fact that the same sample was used in all three different systems, allowing the
assumption that the pore throat radius controlling CTP remains the same between each
different fluid pair. Using the Young-Laplace equation, and by assuming no change in
the contact angle between the different systems, a new relation can be formed relating
the CTP of each fluid system back to the original N2/water system:
Pc,N2 =
(
σN2
σCO2
)
Pc,CO2 (5.3)
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with Pc,i being the capillary threshold pressure of non-wetting fluid i, and σi being the
interfacial tension of non-wetting fluid i with water. The scaled results for the carbon
dioxide tests are shown in figure 5.5 using interfacial tension values from [202, 203] and
the empirical fit by [112].
Figure 5.5: Comparison between the results of the traditional capillary threshold pressure
measurement and that of the dynamic method for various fluid pairs on the same 6 mm plug
sample from the 150 nm ceramic scaled to the N2/water fluid pair system.
These results show good agreement between the supercritical carbon dioxide system
and that of the initial nitrogen system. This shows that the contact angle of the fluids
on the solid surface behaved very similar in each experiment and the non-wetting phase
continued to drain a similar pathway through the sample. The carbon dioxide gas system
still shows a slight deviation in the scaled capillary threshold pressure value that only
a change in system contact angle would be able to account for assuming the proper
calculated change in system interfacial tensions. This change in the contact angle may be
the result of the acidification of the wetting phase with the dissolution of carbon dioxide,
or changes in relative permeability resulting in deviation sin the dynamic technique. It
should also be noted than the permeability of the plug sample was observed to decrease
with each successive experiment to a final value 35% less than the initial amount. It
was considered that this change in permeability could be the result of the effective stress
applied to the sample, but scaling methods used to try and correct the deviation in the
carbon dioxide gas system only resulting in the over-prediction of the supercritical carbon
dioxide system. This decrease in sample permeability was then believed to be an effect
of sample degradation over the course of the nine performed experiments that could have
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led to pore blockage, but not change to sample pore throat sizes.
Additional experiments were also performed at different pressure drops across the
sample to observe the effects of higher driving forces on the amount of produced wetting
phase to understand drainage behavior. Two tests were performed using the 150 nm
ceramic sample and the water/N2 system at a pressure drop of 35 bar and 65 bar on a
new 1/2” plug sample. These results along with the previous results used in examining
different non-wetting fluids are shown in table 5.1. The final water saturation value was
calculated using the gravimetric porosity of the sample found during sample saturation
of 28.3%.
Table 5.1: The effect of sample pressure drop on dynamic CTP measurement method
sample name 6 mm s1-1 6 mm s1-2 6 mm s1-3 s2 0.5” low ∆P s2 0.5” High ∆P
Pressure Drop (bar) 34.5 34.5 34.5 35 65
Produced
Fluid (mL)
0.02416 0.019754 0.022099 0.099943 0.047012
Sample Volume (mL) 0.272 0.272 0.272 1.167 1.167
Final Sw 0.686 0.743 0.713 0.697 0.858
Capillary Threshold
Pressure (bar)
31.16 31.14 30.33 31.39 30.17
Permeability (µDarcy) 20.49 18.72 18.54 21.33 22.6
CTP experiments were performed on the 80 nm ceramic sample to investigate the
possibility of samples being incorrectly labelled by the manufacturer. The results of
each CTP measurements using the water/N2 system can be seen in table 5.2. The throat
diameter was computed using the simplified Young-Laplace equation as shown previously
in equation 2.7:
Pc =
2σ cos θ
r
(5.4)
The water was considered to be completely wetting, allowing cos θ to be set to unity.
The interfacial tension was then calculated at the mean of the upstream and downstream
pressures using the correlation as developed by Busch et al. [112].
Table 5.2: Comparison of Experimental Results for Ceramic Samples
Ceramic Gravimetric Porosity Permeability (Darcy)
Capillary Threshold
Pressure (bar)
Throat Diameter (nm)
50 nm 15.2±0.5% 7.59±0.59 14.98±1.06 175.8±12.4
80 nm 30.5±4.5% 16.45±0.43 35.41±2.09 74.4±4.4
150 nm 28.98±0.62% 19.25±1.08 30.88±0.47 85.4±1.2
The permeability values from table 5.2 are reasonable in ordering as smaller pore body
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P1 − P2 =
[
P1 − P 02
]
e−mt (5.5)
with,
m =
kA
βV2µL
(5.6)
where P1 and P2 are the pressures of the upstream and downstream sides of the porous
medium sample, respectively, P 02 is the initial pressure of the fluid reservoir, V2 is the
downstream fluid reservoir volume, µ is the fluid viscosity, A is the cross-sectional area
of the plug sample, L is the length of the plug sample, t is the experimental time, and β
is the isothermal compressibility of the wetting fluid.
Then in a similar manner in the derivation of (5.2), the change in the pressure response
following contact of the leading sample face with the non-wetting phase can be written
as:
P1 − P thresholdc − P2(t) =
[
P1 − P thresholdc − P 02
]
e−mt (5.7)
Equation (5.7) can also then be arranged to solve for P thresholdc at any time as:
P thresholdc = P1 +
[
P2(t)− P 02 e−mt
[e−mt − 1]
]
(5.8)
The experiment results for one test on a 6 mm plug sample from the 150 nm ceramic
can be seen in figure 5.7.
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Figure 5.7: This plot shows the experiment for the new pressure decay capillary threshold
pressure measurement technique. The red diamonds show the experiment pressure response
in the downstream fluid reservoir, the dashed line shows the expected response following the
analytical solution to the single phase pressure decay results, and the solid line is the best fit
for capillary threshold pressure using the new technique.
The results from the initial tests using the 150 nm ceramic plug sample behave as
expected upon contact of the porous sample with the non-wetting phase. The change
in pressure response in the downstream fluid reservoir is the point at which the non-
wetting phase contacts the front face of the plug sample, and capillary forces slow the
production of the wetting phase from the sample during drainage. One of the major
complications in performing these tests using the current system is that the downstream
fluid reservoir has been severely under sized compared to the amount of fluid that needs
to be produced from the remaining undrained portion of the upstream fluid flow line. In
order to successfully perform these tests, the downstream isolation valve for the pump
cylinder needed to be opened and closed several times in order to decrease the wetting
phase pore pressure to a point where the overall plug sample pressure drop was still
higher than the expected capillary threshold pressure. These pressure management steps
occurred prior to the results shown. This needed to be done in a way that the pressure
response both before and after sample non-wetting phase contact was undisturbed.
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System optimization to reduce the amount of manual process control would provide
better and more consistent results. The downstream fluid reservoir could be increased
in size to a point where the pressure increase from the wetting phase flow prior to non-
wetting phase contact would be reduced to acceptable levels. This would likely require a
fluid reservoir many times larger than the current system due to the incompressible nature
of water in the system. The other optimization that could be performed in the precise
measurement of the fluid volume leading to the plug sample. This volume measurement
would allow for a calculation of valve timing in isolating the downstream reservoir so
that only a small amount of wetting phase fluid response is measured prior to contact
with the non-wetting phase.
Pressure Decay Capillary Threshold Pressure Measurement Verification
There are two ways in which the results from the new capillary threshold pressure mea-
surement technique can be interpreted. The first method explored was a best fit of equa-
tion (5.7) to the experiment data following contact of the sample with the non-wetting
phase using a minimization of squared differences as shown in figure 5.7.
The second method relies on plotting equation (5.8) for each experiment data point
solving for the capillary threshold pressure need to arrive at that pressure given the length
of time following contact with the non-wetting phase. A plot of this solution method for
the 6 mm 150 nm ceramic plug sample can be seen in figure 5.8.
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Figure 5.8: Dynamic pressure decay capillary threshold pressure measurement on 150 nm
ceramic 6 mm plug sample. The dashed line shows the value obtained from the best fit method.
These results indicate that the capillary threshold pressure as found using the best fit
method corresponds to a CTP value near the maximum as indicated in the direct solution
method. The volume resolution of the Quizix pump used in the dynamic method was 18
nL, while the pressure decay technique with current transducer quality would be able to
resolve fluid volumes down to a similar 30 nL volume displacement.
The overall shape of the curve also agrees intuitively with the drainage process where
a maximum capillary pressure would be reached in early experiment times frames as the
non-wetting fluid explores the full inlet of the sample pore space. Then resistance to flow
would begin to decrease slightly towards the end of the test due to decreased viscous
forces acting on the fluid, yield lower calculated CTP values due to the assumption of
a constant wetting phase viscosity and sample length. The shape of this curve also has
the potential of being able to show sample pore throat heterogeneity during the CTP
measurement as opposed to the dynamic method that lacks the sensitivity as seen with
this method
Failed experiments exhibit much harder to decipher calculated CTP trends, which may
be indicative of the reason the experiments failed. The results from one failed experiment
on the same 150 nm ceramic sample can be seen in figure 5.9. These experiments are
designated as failures due to the large inaccuracy in measured results along with undesired
observed fluid flow behavior.
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Figure 5.9: This plot shows the results of a unsuccessful dynamic pressure decay capillary
threshold pressure measurement test. The dashed line shows the value obtained from the best
fit method.
The new pressure decay capillary threshold pressure measurement technique was veri-
fied by comparing the results from three repeat experiments using each technique shown
in this chapter on plug samples taken from the 150 nm ceramic sample. A summary of
these results can be found in table 5.3.
Table 5.3: Comparison of Capillary Threshold Pressure Measurement Methods on 150 nm
Ceramic
Traditional Stepwise Measurement (water/N2(g)) 32.3±1.0 bar
Dynamic Method (water/N2(g)) 30.9±0.5 bar
New Pressure Decay Method (water/N2(g)) 30.1±4.4 bar
The results of table 5.3 show promise in confirming the validity of the newly developed
method with good agreement seen between each of the various methods. The region of
error for the new technique is slightly larger, but is thought to be due to poor system
optimization resulting from the uncertainty in valve timing to ensure legible results with
proper pressure conditions. The results of the traditional technique are prone to also
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overestimating the capillary threshold pressure of a sample as no result is observed until
after the pressure has been exceeded. This is avoided in the dynamic techniques from
the continuous flow of fluid through the material.
5.3 Results
5.3.1 Traditional Method Results
Traditional CTP measurements were performed on samples. The ME1 tight carbonate
sample results can be seen in figure 5.10. These results present rather clear evidence of a
capillary threshold pressure near 40-45 bar with the increase in produced wetting phase
occurring during the pressure step of the upstream non-wetting phase from 60 to 65 bar
with a downstream pore pressure held at a constant 20 bar.
Figure 5.10: This plot shows the results from a traditional capillary threshold pressure test
performed on the ME1 tight carbonate sample with a N2/water system.
The slight continued production fluid in the downstream reservoir in this test prior to
the observed non-wetting phase drainage of the sample was determined to be a small leak
of the confining fluid through the threaded fittings on the downstream reservoir. This
conclusion of being confining fluid and not wetting phase production from a lower thresh-
old pressure value is supported by the fact that this initial low flow rate is unaffected by
pore fluid pressure drop changes in earlier pressure steps. The confining fluid pressure
for this system was assumed to have little effect on the sample properties following the
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as the amount of fluid that could be drained during one of these events would be kept
to a minimum. At approximately 17 days into the experiment, a distinct change in fluid
behavior begins to emerge at a capillary threshold pressure of approximately 24 bar.
Three additional pressure steps to a pressure drop of 32 bar were performed with no
major change in fluid flow rate following this apparent fluid production event, but didn’t
have a effect on production rate. At a pressure drop of 32 bar, a increase in produced
fluid flow rate occurs. This shows a change in system fluid flow behavior, but again
further changes to upstream pore pressure have no apparent effect on fluid production
rate until a final extreme pressure step to 125 bar results in a immediate increase in
fluid production rate at the end of the experiment. The capillary threshold pressure of
the Brightling anhydrite sample therefore lies between 24 and 32 bar with a constant
downstream pore pressure of 20 bar.
5.3.2 Dynamic Capillary Threshold Pressure Measurements
The application of the dynamic method for determining capillary threshold pressure
values on geologic samples was much more problematic and unreliable compared to the
traditional method then initial observations from the ceramic samples. The geologic
samples much lower sample porosities caused problems in the measurement of wetting
phase drainage volume prior to gas breakthrough.
The low sample porosity as initially determined from mercury intrusion results showing
that the geologic samples all had significantly lower porosity than the ceramic samples.
This porosity difference is significant in using the dynamic method for CTP measurement
because it determines the amount of pore fluid that it is possible to drain from the sample
prior to gas breakthrough. Assuming complete pore space drainage is impracticable due
to the fact that the non-wetting phase will only drain the pores which connect the
largest pore throats leading through the sample during initial drainage. Small sample
plugs initially chosen for potential use in micro-CT imaging causes this porosity effect to
be more pronounced as well.
The heterogeneity of samples between individual plug samples was a slightly easier is-
sue to tackle in ensuring that the plugs chosen for experiments externally appeared largely
homogeneous and similar to other samples from the larger sample. Sample heterogeneity
between plug samples can raise certain questions about measurement representativeness
without a full statical study. This selection of similar smaller samples is useful in method
development and verification, but less significant to reservoir scale formation character-
ization as it ignores larger sample features that may be more significant to measured
values. Random selection of plug samples from larger geologic cores would be more use-
ful in generating statistical significance of laboratory results for field implementation,
but time limitations for this PhD work made this impossible with current equipment
allocations.
One of the final limitations important for application to previous permeability work
performed on the geologic samples is trying to replicate similar effective pressure states
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on the samples during capillary threshold pressure measurements as to those used in
permeability measurements. The pressure drop across the sample was able to be held
constant for all permeability measurements due to the lack of capillary forces to be over-
come, but the pressure drop needed to be significantly higher for successful measurement
of CTP. Despite all of these limitations, CTP measurements using the dynamic method
were successful on the Hontomin shale sample and the middle eastern evaporite sample.
Plug samples taken from the Hontomin cap rock sample were used in a series of four
capillary threshold pressure measurement experiments to examine changes in the mea-
sured CTP at three distinct points previously observed in permeability measurements.
The first measurement was recorded at the lowest effective pressure recorded for the
permeability test, the next taken at the minimum permeability point previously record,
and one final test at an effective pressure higher than the slope change point in sample
permeability. The complete results of the experiments can be seen in figure 5.12.
Figure 5.12: The effect of effective pressure on the permeability and capillary threshold pres-
sure of 1/2” Hontomin cap rock plug samples.
The x-axis error bars in figure 5.12 represent the pressure drop that needed to be
applied across the plug sample in order to successfully measure a capillary threshold
pressure value. The first test performed at a effective pressure of 10 bar was successful,
but the next experiment at 100 bar EP proved to have too low a pressure drop at 60
bar to exceed the pressure necessary to drain any of the pore fluid from the sample.
The experiment was then reinitialized with a pressure drop of 120 bar. This pressure
drop was then reduced slightly for the next reading at 200 bar EP due to the expected
decrease in CTP, that proved to be substantially lower than the previous measurement.
128
The measurements recorded for 100 and 200 EP values were recorded on plugs gen-
erated from splitting a long 2.5 cm drilled plug in half to further reduce variability of
sample heterogeneity. After each experiment samples needed to be discarded to avoid
effects of previous experiments, as well as tendency to fracture during depressurization
of core holder assembly.
The results from figure 5.12 support the previous hypothesis of the creation of mi-
crofractures within samples under high effective pressure leading to the increase in sam-
ple permeability. This is seen in the reduction of capillary threshold pressure at high
effective pressures from the creation of larger pore throat connected paths through the
sample. The samples’ permeability response also show similar behaviour to previous
experiments with an increase in permeability at higher effective pressures.
A comparison of all capillary threshold pressure values can now be performed in com-
parison to the correlation as proposed by Thomas et al. [95]:
P thresholdc = 7.37
(
1
k
)0.43
(5.9)
The comparison of experiment results with this correlation can be found in figure 5.13.
The permeability values presented in this figure correspond to the permeability value of
each individual experiment recorded for each sample during saturation or the wetting
phase production period of the dynamic capillary threshold pressure measurement tests.
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Figure 5.13: Experimental data from all capillary threshold pressure measurements compared
to sample permeability plotted along with the experimental correlation developed by Thomas
et al. [95].
This comparison shows that the correlation as developed by Thomas et al. [95] com-
pares reasonably well with the data collected throughout this work. The main outlier
being the Brightling anhydrite sample that had a very low permeability even when com-
pared to the previous sample observed in permeability experiments. The Hontomin shale
sample value for the capillary threshold pressure test after the suspected microfracturing
increase in permeability also is quite far from the correlation value, but due to the change
in sample pore structure and possible mechanical failure this would have a significant ef-
fect on capillary forces within the sample. This correlation was also developed using
various rock types that will show different behaviour than the shales and evaporites used
in this work. This deviation is likely caused by the different pore geometries and con-
nectivity when compared to other rock types. The ceramic analogues also had capillary
threshold pressure values higher than the correlated values, but again the different pore
body shape and connectivity can lead to permeability and capillary threshold pressure
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values different from those in the correlation.
5.3.3 Pressure Decay Capillary Threshold Pressure Measurements
The use of the new pressure decay capillary threshold pressure experiments with geologic
samples was not explored in these works due to overall system design limitations and
time constraints. The time scale to record measurements on the ceramic samples was
about 1-2 days, whereas geologic samples usually took several days or weeks depending
on sample permeability. This combined with the uncertainty in valve timing to ensure
usable results made the process unfit for use, but could be greatly improved with a few
system modifications. The use of larger diameter samples would increase the flow rate
measured in all tests, potentially reducing measurement times. The modification of the
downstream reservoir would also be advantageous to reduce the overall pressure response
during the wetting phase production in the process.
5.4 Conclusions
The traditional capillary threshold pressure measurement method continues to be viewed
as the most accurate method for the determination of capillary threshold pressures, but is
exceeding problematic for very low (/10 nDarcy) samples due to fluid flow measurement
limitations. The dynamic method proved to be an accurate method for measuring capil-
lary threshold pressures for both the control ceramic and geologic samples, but is unable
to yield quantifiable results with low porosity samples such as the evaporites used in this
work due to extremely small drainage volumes prior to non-wetting phase breakthrough.
The dynamic method was used to show that there indeed exists a relationship between
the change in sample permeability relationship at high effective stresses, and a sharp re-
duction in capillary threshold pressure indicating potential sample microfracturing. The
dynamic method also proved to indicate a substantial error in the ceramic control group
manufacturing process. The expected capillary threshold pressures for each ceramic sam-
ple were not as indicated by the manufacturer, and also did not follow any corresponding
expected permeability trends of lower permeability samples having higher CTP and vice
versa. A new technique proposed to eliminate the need for high-precision, accuracy vol-
ume measurements by relating produced wetting phase volumes to downstream reservoir
pressure response showed promising results, but additional system optimization would
likely yield more precise capillary threshold pressure measurements.
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Chapter 6
Sample Imaging and Image
Analysis
6.1 Introduction
Experiments on porous media can be largely enhanced through the use of the numerous
available imaging techniques developed within the porous media scientific community
as well as the scientific community at large. The adaptation of imaging techniques for
use with porous media has certain limitations overcome through creative thought and
innovation. A description of each technique along with potential experiment observation
can be found in the Literature Review chapter of this work. A medical computerized
tomography (CT) system along with a micro-CT system were used in sample observa-
tions located in the QCCSRC imaging laboratory at Imperial College London. Scanning
electron microscope (SEM) systems located at Imperial College London, as well as a Fo-
cused Ion Beam - Scanning Electron Microscope (FIB-SEM) system located in the FEI
laboratory located in Eindhoven were also used.
The medical CT system has a resolution limitation of 0.23 mm incapable of directly
imaging the majority of the pore space found within porous samples, but can be used to
show several important characteristics of an imaged sample. Variation in local porosity
can be determined along with the calculation of the distribution of fluid within the
sample. The medical CT has a large advantage over the micro-CT system with the overall
size of the recorded volume capable of imaging complete cores up to 3” in diameter and
large lengths. It is also possible to record individual image slices in places of interest in
under a minute. These scans can be used in core-scale imaging techniques, or used to
identify regions of interest for high resolution imaging with extracted sample plugs.
The micro-CT system has the large advantage of being able to capture images with
voxel resolutions down to 0.7 µm x 0.7 µm x 0.7 µm. This allows for the direct imaging
132
of pore bodies and throats in larger pore system such as reservoir geologic samples. The
observation of changes in local fluid flow behavior is even capable within individual pores.
The collection of these tomograms comes at the cost of extended collection times of over
several hours and smaller total volumes compared to the medical system. Although the
minimum resolution capable in micro-CT systems is still above resolving pores found in
seal formation samples, system fractures can be readily imaged for observation under
stress conditions with the use of a high pressure cell.
The final imaging technique explored in this work is founded on scanning electron
microscopy (SEM). Further improving the imaging limitations beyond that of the micro-
CT, SEM systems are capable of capturing features down to a few nanometers. These
systems often contain several ways of measuring a sample response to the bombardment
of electrons via an electron beam. The detection of secondary electrons (SE) emitted
by the sample was the method chosen for use in this work. SE detection allows for
qualitative description of sample topography and basic determination of sample pore
space distribution. SEM systems can directly image pores within seal formation samples
at the nanometer scale.
The SEM system can be further enhanced through the use of a focused ion beam used
to mill away sample material in a very controlled fashion. A focused ion beam - scanning
electron microscope (FIB-SEM) can be used to collect a series of surface SE images in
sequence as material is milled away to allow for the reconstruction of a 3D volume of
the explored region at extremely high image resolutions. This technique can then be
used to directly image even the tightest of pore spaces found in geologic samples such
as shales and anhydrite. Although in this work geologic samples remained unexplored
due to time restrictions on the FIB-SEM system, pioneering work in the accuracy of
predicted permeability from imaged volumes was performed. This work would lead to
conclusions on the accuracy and representativeness of FIB-SEM imaged volumes.
All of these techniques can then be used to complement each other in the examination
of different length scales within samples. This examination of different samples at various
image resolutions and length scales has allowed for the continued advancement of the
study of porous media and will continue to do so well into the future.
6.2 Methods
6.2.1 Medical Computerized Tomography
Medical CT imaging was performed in the QCCSRC imaging facility equipped with a
Universal Systems HD-350 x-ray medical CT scanner. Reconstructed orthogonal slices
were recorded with a pixel resolution of 0.23 mm by 0.23 mm and at 1 mm intervals down
the length of the sample. The Opalinus shale core sample was placed on acrylic tube
support for positioning within the medical CT gantry. A tomogram was recorded for the
full length of the sample with no apparent saturating fluids with the storage container.
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6.2.2 Computerized Microtomography
The micro-CT used for this work was a Versa XRM-500 x-ray microscope capable of
achieving resolutions down to 0.7 µm in fully reconstructed 3D volumes. The micro-
CT system is also capable of receiving a in-situ carbon-fiber fluid flow cell to allow for
tomogram collection under reservoir representative conditions. Dry scans of individual
samples were recorded using unsaturated plug samples of various diameters affixed atop a
stainless steel pedestal designed to allow for full access to sample imaging area with both
x-ray source and detector pieces of equipment. Dry scans were collected on samples in the
condition as produced from plug drilling with no additional oven drying or saturation.
X-ray source power, voltage, projection exposure time, number of projections, image
resolution, and source filter values were selected on a sample by sample basis based on
transmission criteria as provided in the Xradia user manual. These selection criteria of
source filters provided by Xradia was determined from transmission values recorded at
reference powers and voltages of either 80 kV and 7 W or 140 kV and 10 W for thicker
samples with low transmission values at the lower voltage. This filter selection process
is designed to reduce the amount of beam-hardening observed in recorded tomograms.
These beam-hardening effects give samples the appearance of less dense regions in the
outer shell of imaged plugs.
Source voltage was then varied until sample transmission values were found to fall
between 20-35%. Source power levels were determined from system limitations of a
maximum power equal to (Voltage/10000 - 1)W, with a system maximum at 10W. The
length of projection exposure time was determined from maximizing signal attenuation
in recorded projections through the sample, while keeping from over-saturating reference
projections. The duration of projection exposures is also influenced by the image binning
selected, which is the averaging of recorded voxels in each projection that can be used to
shorten exposure times from the increased attenuation recorded for binned images, at a
loss of resolution. Image binning was initially kept at a value of 2 doubling the voxel side
length of each recorded projection, but was later reduced to 1 with increased familiarity
in using the micro-CT system. This is largely the deviation between tomograms reported
in this section from 6-7 µm and 12-14 µm voxel side lengths. Voxel side-lengths for whole
plug sample images were selected based on the diameter of the sample to be imaged. The
width and height of the CCD camera on the micro-CT was limited to a pixel count of
2000 x 2000. This can be used in calculating the maximum volume observed for a given
voxel size. The number of projections collected depended on the resolution selected for
the tomogram as high magnifications require more projection to increase signal-to-noise.
Typically 800 projections were recorded for whole core scans, with 1600 projections
recorded for scans with voxel side lengths below 2 µm.
Scans recorded during fluid flow experiments were performed using a fluid flow appa-
ratus initially constructed by former PhD students Dr. Hannah Menke and Dr. Mathew
Andrew as shown in [21]. Plug samples were held within 19 mm inner diameter carbon-
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fiber core holder constructed to withstand pressures up to 160 bar and 50◦C. Samples
were placed within a viton sleeve and fitted with 1/2” plug sample stainless steal inlet
fitting identical to those used in steady state permeability measurements and capillary
threshold pressure measurements. Confining fluid pressure and pore fluid injection and
pressures were manipulated through the use of three of the ISCO syringe pumps shown in
the equipment used by Andrew et al. [21]. Confining and pore pressures were raised in a
manner identical to that described during the use of the bench-top fluid flow apparatus.
The axises definition used in this work will be described with a right hand Cartesian
coordinate system with the z-direction along the length of the plug samples.
6.2.3 Scanning Electron Microscopy and Focused Ion Beam -
Scanning Electron Microscopy
Scanning electron microscopy images were recorded at both the Imperial College Centre
for Electron Microscopy located in the materials department, as well as in the FEI,
Inc. pilot laboratory in Eindhoven, The Netherlands. A Helios NanoLab 600 FIB-SEM
apparatus was used to collect surface images of several samples prior to continued work
with FEI, Inc. The imaging facility in Eindhoven was preferred over the local laboratory
due to lack of experience with non-conductive materials such as geologic samples. The
facility in FEI, Inc. also gave access to the latest improvement of the device a Helios
NanoLab G3 FIB-SEM equipped with several additional detectors.
The SEM image collection is performed after securely mounting a small (<1 cm)
sample to a removable sample plate using a conductive adhesive containing silver. The
mounted sample is then coated with a thin layer of platinum to further assist in the
dispersion of electrical charges generated during imaging. A fractured surface of each
sample was chosen to be imaged to avoid artifacts caused by core drilling on the exterior
surface of the samples. A polished sample surface would have been preferred for image
collection, but mechanical polishing equipment was unavailable at Imperial College Lon-
don prior to imaging in house, and only the FIB-SEM apparatus was allotted for our
work in Eindhoven. This mechanical polishing equipment has, however, also been shown
to cause erroneous features to be seen in prior SEM work of softer materials, especially
shales containing clays.
FIB-SEM imaging was only performed in the FEI, Inc. facility due the lack of con-
fidence in prior results obtained by colleagues in the local facility at Imperial College
London. This lack of confidence stemmed largely from inexperience with geologic sam-
ples, and extreme charging artifacts causing image distortion during volume collection
in previous attempts. The selection of volume extraction regions was determined to be
arbitrary on the examined ceramic samples due to high levels of homogeneity confirmed
from both micro-CT scans and surface SEM images.
After a region of interest was identified, an additional layer of platinum was coated
over the sample surface using a gallium-platinum sputtering gun in a layer slightly larger
135
than the region to be examined. Trenches were then milled around the volume to be
examined using the ion beam to expose the sample subsurface, as well as provide space
for removed material accumulation as seen in figure 6.1.
Figure 6.1: Prepared site for FIB-SEM imaging of 150 nm ceramic sample.
Material was then sequentially removed from the front face of the exposed volume
using the focused ion beam in 10 nm step sizes alternating with imaging with the SEM.
These imaged slices could then be reconstructed into a full 3D model of the material
pore space.
6.3 Results
6.3.1 Medical Computerized Tomography
It was elected to use the medical CT scanner to assess the current state of the Opalinus
shale sample. The sample had been encased in a piece of PVC tubing with a plastic
filler used to fill annulus surrounding core. The sample had been left in a non-humidity
controlled laboratory closed for several years prior to being received, and immediately
showed severe signs of degradation. An x-y orthogonal slice selected from the medical
CT scan is shown in figure 6.2.
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Figure 6.2: Orthogonal slice of Opalinus shale sample in sample storage container.
The slices show high levels of heterogeneity in sample composition throughout the
length of the sample with high density inclusions appearing as bright regions in the
images. The dark regions are fractures that are beginning to appear in the selected slice
image that completely separate thin beddings layers throughout the sample. The black
annulus surrounding the core is free space within the sample storage container where
the sample has retracted from its initial size due to loss of fluid over years of improper
storage. A x-z slice of the tomgram can be seen in figure 6.3.
Figure 6.3: Orthogonal slice along the length of reconstructed medical CT images of the
improperly stored Opalinus shale sample.
This shows how poorly the sample has been preserved and has begun to severely shrink
and laminate from the loss of fluid. An important aspect of working with shales and
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mudstones is that they are extremely susceptible to changes in water saturation and ion
concentrations, where even small changes can have a large effect on sample integrity and
fluid flow behavior as described in the clay effects section of Literature Review chapter
of this work. The Opalinus shale sample would not be used in future experiments due to
its poor preserved state.
6.3.2 Computerized Microtomography
Computerized Microtomography (micro-CT) work was performed on all geologic samples
and ceramic control samples. Although direct pore space imaging was largely impossible
due to pore sizes, apparent changes in sample mineralogy and heterogeneity could be
assessed. Additional work was performed on a fractured sample of the Long Lane Quarry
sample that proved to be highly reactive to changes in water saturation readily laminating
along the sample bedding plane.
Micro-CT Dry Scans
Dry scans were recorded for the ME1 tight carbonate sample, the middle eastern evaporite
seal sample, and the 150 nm ceramic samples. All of these scans were recorded at voxel
size large enough to capture the full diameter of the samples to observe potential changes
in overall sample composition and pore space variations. Direct observation of the sample
pore space for each of these samples was not to be expected following the results of
mercury intrusion tests due to the system limitations of a minimum voxel side length of
0.7 µm. The dry scan for the ME1 tight carbonate sample, the middle eastern evaporite
sample, and the 150 nm ceramic can bee seen in figures 6.4, 6.5, and 6.6, respectively.
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Figure 6.4: Orthogonal x-y slice of reconstructed micro-CT tomogram of ME1 tight carbonate
sample 12.57 mm plug recorded at a voxel side length of 7.5 µm.
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Figure 6.5: Orthogonal x-y slice of reconstructed micro-CT tomogram of middle eastern evap-
orite sample 12.57 mm plug recorded with a voxel side length of 13.5 µm.
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Figure 6.6: Orthogonal x-y slice of reconstructed micro-CT tomogram of 150 nm ceramic
sample 6 mm plug recorded with a voxel side length of 7 µm.
Each of these scans showed very little spatial variation in apparent mineral composi-
tion and porosity. Bright spots found sparsely throughout the geologic samples are likely
caused by inclusions of high density iron compounds. Further developments and famil-
iarity with the micro-CT instrument then allowed for an increase in tomogram resolution
of larger samples in changing the global averaging of recorded projections without a loss
in captured volume.
Although it was not able to directly observe the pore space of the ceramic sample,
an estimate of sample homogeneity could be calculated using the semivariance of the
greyscale value in two orthogonal directions across a x-y slice of the record tomogram.
The equation used for this calculation is as follows, computed with a MATLAB script
compiled by Dr. John Crawshaw:
γ(d) =
1
2N(d)
N(d)∑
1
[I(xi)− I(xi − d)]2 (6.1)
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with N(d) being the number of data pairs separated by a lag distance, d, and I being
the pixel greyscale value at positional x and x−d. The variogram for a single slice taken
from the middle of the tomogram is shown in figure 6.7.
Figure 6.7: Variogram for the 150 nm ceramic sample in two orthogonal directions shown as
orange and blue data points for x- and y-axis directions.
This shows that there is almost no correlation in the sample image beyond 1-2 pixels
supporting the conclusion that the ceramic sample is highly homogeneous.
An initial scan of the Long Lane Quarry sample was recorded on a 6 mm plug sample
using water as a drilling fluid. The plugs samples were largely destroyed from reacting
with the change in water/ion concentrations and physical stress from being extracted
from plug drill bit. One sample was found to be intact, apart from one fracture running
throughout the length of the plug sample separating it into two pieces. This plug sample
was then glued in place atop the sample mount using a two-compound epoxy and allowed
to cure overnight. An x-z slice along the length of the sample is shown in figure 6.8
recorded at a voxel resolution length of 1 µm.
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Figure 6.8: X-z slice of reconstructed micro-CT tomogram of fractured Lone Lane Quarry 6
mm. plug sample recorded with a voxel side length of .
This initial scan of the Long Lane Quarry shows several interesting features captured
in this high resolution tomogram. The large feature of darker greyscale values running
from the top to bottom of the sample is the major fracture found to be separating the
two halves of the plug sample. This slight change in greyscale value about two thirds of
the way up the image with an apparent meniscus is the termination point of the epoxy
used to secure the sample followed by empty air space. The extremely bright speckled
features are small inclusions of high z-value materials that are likely iron minerals as
supported by the XRF data previously reported. Although the fracture appears to be
quite tortuous at this scale, it appeared to be quite smooth at the plug scale being only
approximately 100 microns in width with the two halves of the sample rejoining to form
an almost unnoticeable hairline fracture.
The overall interior pore space of the sample can not be examined even at these high
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levels of magnification, with the exception of few larger pores found rarely throughout
the entire tomogram. The secondary fracturing seen in the smaller fractures running
perpendicular to the sample bedding plane may have been the results of the drilling
process or other sources of material failure. These are seen to largely develop around
material inclusions other than the overall bulk material/greyscale value, and terminate
into the intact material. Although further analysis of fracture fluid flow behavior and
undamaged sample properties is not possible at this image resolution, further work will
be discussed later describing work performed using fractured systems.
A dry scan tomogram was also recorded for the Hontomin reservoir seal sample shown
in figure 6.9. This tomogram shows several features similar to the Long Lane Quarry
sample with similar inclusions of high absorption iron minerals. A slight fracture can
be seen in the center of the sample along the bedding plane of the larger sample. This
fracture later fully laminated the sample during saturation and permeability tests were
not performed due to uncertainty in result interpretation.
Figure 6.9: Orthogonal x-y slice of reconstructed micro-CT tomogram of 12.57 mm plug sample
of the Hontomin reservoir seal recorded with a voxel side length of 6.8 µm.
Micro-CT imaging was also performed on several plug samples taken from the Brightling
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anhydrite sample at various diameters for fluid flow work as well as increased image sig-
nal to noise ratios. A dry scan was recorded at a voxel side-length resolution of 7 µm of a
12.57 mm sample that would later be used for permeability experiments. The tomogram
recorded shows no resolvable pores at this resolution, but does exhibit slight variations
in material composition with changes in material density or chemical composition. A
Orthogonal x-y slice of the dry scan of the 12.57 mm plug sample can be seen in figure
6.10.
Figure 6.10: An x-y slice of the reconstructed micro-CT tomogram of a 12.57 mm plug sample
taken from the Brightling Anhydrite mine sample.
This apparent variation in sample composition can be seen in the reconstructed tomo-
gram as slightly darker patches along with very bright high density inclusions scattered
throughout the sample. Further variations in material composition can be seen in longer
stitched scans. Multiple scans were recorded and combined to form the basis of the
longitudinal slice shown in figure 6.11.
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Figure 6.11: An x-z slice of the reconstructed micro-CT tomogram of a 6 mm. diameter plug
sample taken from the Brightling Anhydrite mine sample recorded at 6.5 µm over the length of
a 3.5 cm long plug.
This longer length series of tomographies begins to reveal what appears to be a bedding
plane that exists within the sample running NW-SE direction taking the direction of this
page as due north. There also appear to be some larger regions of material variations
towards the top and bottom of the plug sample previously seen as smaller regions in other
samples. One final dry scan of the fairly homogeneous Brightling anhydrite plug sample
was recorded on a 2mm plug sample extracted to enable higher signal to noise ratios for
high resolution scans than possible with larger diameter samples. An Orthogonal x-y
slice from this tomogram recorded at a voxel side length resolution of 1 µm. can be seen
in figure 6.12.
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Figure 6.12: An orthogonal x-y slice from the high resolution tomogram recorded on the 2mm
plug sample of the Brightling Anhydrite.
From this high resolution scan of the smaller plug sample, one can finally begin to
capture only the largest of the pores that exist in the sample with a lack of connectivity to
each other. These pores appear to form primarily towards the edges of the slight changes
in material composition. This change in material composition may be what leads to the
generation of these larger pores as a remnant of the sample’s formation.
Large pores were also seen to occur in infilled veins found to run through certain
parts of the collected sample. Another sample selected from the Brightling Anhydrite
was chosen for dry scans because it contained long running veins of infilled material. A
longitudinal x-z slice of this vein bearing sample can be seen in figure 6.13.
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Figure 6.13: An longitudinal x-z slice of the 6 mm plug sample that contained a infilled vein
along the length of the sample recorded at a voxel side length of 6.5 µm.
Higher resolution scans were attempted to characterize these vein regions, with largely
qualitative results due to the decreased signal to noise seen in the recorded tomograms. A
orthogonal slice of a tomogram recorded around on of these veins from the same sample
as shown above at a voxel side-length of 1 µm. can be seen in figure 6.14.
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Figure 6.14: A higher magnification tomogram x-y slice recorded around one of the vein
inclusions of the Brightling anhydrite plug sample seen in figure 6.13.
This higher magnification tomogram of one of the veins shows that they were only
partially filled with the invading material. This partial filling may yield a fully connected
fluid flow pathway that would increase sample permeability beyond the results of the
intact bulk material. These partially infilled veins would also likely be regions of lower
structural integrity and fracture pathways under events of high stress. These regions of
higher permeability also have the potential of increasing dissolution effects from increased
transport of undersaturated fluids, further reducing mechanical strength.
Finally a dry scan was recorded for a Boulby anhydrite mid-band sample 12.57 mm
plug sample shown in figure 6.15. Plug samples drilled from this field sample were not
used in fluid flow experiments due to extreme dissolution patterns caused by the use of
tap water drilling fluid. The result of this dissolution can be observed around the outer
circumference of sample of the darker greyscale value mineral.
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Figure 6.15: Tomography orthogonal x-y slice of Boulby anhydrite mid-band recorded at a
voxel size of 6.6 µm.
Under the assumption that the full circumference of the sample was exposed to roughly
the sample amount of water flow during plug drilling, the dissolution patterns as seen
between the lighter mineral and darker mineral from the recorded may be indicative of
preferential dissolution of the darker mineral.
Micro-CT Fractured System Fluid Flow Experiments
Micro-CT fluid flow measurements were performed using a carbon-fiber core holder de-
signed with similar dimensions to the bench top fluid flow apparatus used for all per-
meability measurements. This carbon fiber core holder allowed for in-situ imaging of
samples with pressures up to 160 bar at ambient temperatures. A fractured sample
of the Long Lane Quarry was selected for experiments to observe fracture morphology
changes under various stress conditions. The results presented here have also be pub-
lished [204]. The sample was drilled from the larger piece of material with tap water as
a drilling fluid and due to reactivity with the drilling water began to laminate imme-
diately. The plug sample was then transferred directly into a length of viton tubing to
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be used in fluid flow experiments. The sample was then saturated with the 5wt% NaCl
and 1wt% KCl brine solution and assembled into the carbon fiber core holder. An initial
tomogram was recorded of the sample under no confining pressure as shown in figure
6.16. The boxed region shows the volume extracted for use in lattice-Boltzmann fluid
flow simulations discussed later. The fracture network was well connected in the flow
direction of the imaged sample with little fluid flow propagation in the radial direction
due to the no flow boundaries of the Viton sleeve. This fluid flow behavior allows for the
edge radius to be trimmed prior to numerical simulations with no loss of accuracy from
no change in calculated permeability.
151
(a) Orthogonal Slice
(b) Longitudinal Slice
Figure 6.16: Orthogonal slices of the dry scan tomogram recorded at a voxel side length of
13.7 µm. highlighting the region of interest extracted avoiding x-ray artefacts in full 3D space.
(a) x-y and (b) x-z orthogonal slice.
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Fluid flow experiments were then performed in the following manner. First, the pore
and confining pressures were raised in a stepwise fashion to the initial low stress state
of 6 bar confining pressure, 5 bar upstream pore pressure, and 4 bar downstream pore
pressure. The confining pressure was then raised in a stepwise fashion to a final maximum
pressure of 120 bar, in a manner similar to the previous permeability work.
These experiments then were performed in a manner different from the previous ex-
periments to try and observe fracture behaviour in situations of high pressure gradients
and pore pressures similar to hydraulic fracturing operations. It is at this point that com-
parison to previous results should not be applied as pore fluid conditions vary greatly
from the previous permeability experiments. The upstream pressure was then raised
in a stepwise fashion until a maximum pressure of 119 bar was achieved. Finally, the
downstream pore fluid pressure was raised in a similar manner to a maximum pressure
of 118 bar. After each pressure change, both a tomogram and permeability measurement
was recorded. The permeability response for each pressure change can be seen in figure
6.17. The effective pressure as shown for each data point in this figure was calculated
as the confining fluid pressure minus the average of the upstream and downstream pore
fluid pressures.
Figure 6.17: The permeability change of the fractured Lost Lane Quarry sample under various
stress conditions. Y-axis error bars represent the difference in recorded flow volume in the
upstream and downstream pore fluid pumps.
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The initial changes in permeability with increased confining pressure are expected
as the overall aperture of the observed fractures was seen to decrease as the effective
pressure of the system increased. During increasing upstream pressure, and overall dif-
ferential pressure, permeability was seen to initially decrease with increasing pressure
drop across the sample. This decrease in permeability may be caused by further narrow-
ing of downstream fractures under the new stress of the high upstream pressure. There
also exist several cross bedding fractures within the sample that may have been closed,
decreasing permeability, due to the new stress applied from the increased inlet pressure.
Finally, while raising the downstream pressure of the sample, a recovery of the samples
initial permeability is seen. This shows that the decrease in permeability recorded for the
increasing pressure drop across the sample was not caused by fines migration. The final
recovered permeability in a stress state similar to that of the first recorded permeability
is expectedly lower, as some of the larger fracture asperities holding the fracture open
for fluid flow may have been compacted over the course of the tests.
The permeability response of the initial compaction of the fractured sample can also
be compared to the previously shown intact sample permeability results of the other
samples as shown before and after the change in slope of the sample permeability in
figures 6.18and 6.19. The first permeability measurement of the fractured system for the
decreasing permeability measurement was removed due to the non-linear permeability
response in changing from 1.5 bar to 5.5 bar effective pressure. This non-linear behaviour
is likely the cause of sample bypass from the low effective pressure not developing a full
seal around the annulus of the sample.
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Figure 6.18: Normalized decrease in sample permeaiblity with increased effective pressure
comparison of intact and fractured Long Lane Quarry sample results.
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Figure 6.19: Normalized increase in sample permeaiblity with increased effective pressure after
intial reduction comparison of intact and fractured Long Lane Quarry sample results..
These results show a very similar trend in changes of sample permeability for the frac-
tured system when compared to intact samples. This shows an interesting relationship
in the similar mechanical changes of the sample fractures to the much smaller intact pore
changes. This relationship would then mean that the mechanical response of asperities
supporting the fractures respond very similarly to that of intact pores. In assuming a
similar strength in the supporting material, this would mean similar changes in sample
pore space could be examined in comparing fractured system response to intact samples
for unobserved sample changes. A slight deviation in the increase portion at high stresses
for the fractured system may be caused by a difference in the failure characteristics where
additional compaction of the existing fractures is allowed to occur under high stresses
rather than the generation of new microfractures.
Four unique stress conditions were further examined from this suite of experiments
with the initial tomogram, the tomogram from the first recorded flow measurement at
the low stress state, and the maximum confining pressure condition. A region of inter-
est was selected from each tomogram similar to as highlighted in figure 6.16, and an
attempt was made to segment the fracture pore space from that of the bulk material. A
simple thresholding segmentation method was elected to use instead of a more advanced
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watershed-based method due to the low contrast between tight portions of the fracture
and that of the bulk material. A non-local means denoising filter [180] was first applied
to the tomograms, then the segmentation performed at an optimal value selected from
visual inspection of the results. The segmentation results were further refined using a
connected pathway algorithm to leave only the connected flow path through the sample
in segmentation results. The segmentation of each of these tomograms is shown in figure
6.20. As a check, these segmentations were performed with threshold values ±200 grey
scale units from the optimum selected value.
(a) No confining stress. (b) Low Confining Pressure.
(c) High Confining Pressure.
Figure 6.20: Fracture void space segmentation results from tomogramsa recorded in key stress
systems for use in fluid flow simulations. Note: The two tomograms recorded under confining
pressure have a voxel size of 13.2x13.2x13.2 µm3.
Registration of each of these tomograms to the initial state was unachievable due to
changes within the sample and fracture geometry. The tomogram recorded at the maxi-
mum confining pressure was unable to be used in fluid flow simulations since the fracture
pathway could no longer be resolved at the chosen resolution. The fluid flow simulator
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used was based on the code of fellow PhD student Farrel Grey developed using a constant
uniform body-force lattice-Boltzmann simulation method [205]. The fracture geometries
were mirrored in the flow direction to make use of periodic boundary conditions, and
the permeability of the system calculated from resulting fluid flow behavior. The flow
velocity results from the unconfined system can be seen in figure 6.21.
Figure 6.21: 3D representation of single phase fluid flow through segmented fracture system.
Fluid flow occurred from the left front face to the rear right face of the extracted void space.
Lighter colours represent areas of higher flow velocity with the darker blue being areas of lower
velocity.
The result of these fluid flow simulations were then compared to the simple model for
flow between two parallel plates. This parallel plate model was selected as there appear
to be two major fractures running through the length of the samples thought to contain
a majority of fluid flow in the system. The flow rate calculation used for this simple
system is as follows [206]:
Q
l
= −α
3∆P
12µL
(6.2)
where Q is the volumetric flow rate, l is the width of the fracture, ∆P is the pressure
difference across the length of the system, α is the fracture aperture, µ is the fluid
viscosity, and L is the length of the sample in the direction of flow. Then by equating
with Darcys Law and solving for permeability, the following relation can be found:
k =
α3l
12A
(6.3)
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where k is the sample permeability, and A being the cross sectional area of the sample
observed. The crack aperture was estimated from the average of six line measurements
from x-y slices at equal intervals down the length of the sample. The results from this
calculation on the two major upper and lower fractures in the sample are compared to
results from the numerical simulation in table 6.1.
Table 6.1: Predicted permeability of fractured system using parallel plate model and Lattice-
Boltzmann flow simulations compared to measured values. Note: The values presented for the
flow simulation permeability calculations are based on a ±200 range of greyscale threshold values
used for fracture segmentation.
These results show good agreement between the predicted permeabilities and those
calculated by the numerical simulation. The permeability could only be measured for the
case which had confining pressure due to experiment needs, leaving only one data point
for a full comparison. The comparison of this measured permeability and those predicted
using the two methods above leaves great room for improvement with a permeability over
estimation of several orders of magnitude. This overestimation would then be caused by
fluid flow restrictions beyond what was imaged in the sample tomograms. This may have
been the result of the inlet and outlet plug sample fittings not fully allowing access to
the the full fracture flow path. The measured permeability can also be used to back
calculate an apparent aperture 3.7 µm for the fractured system, that was not observed
in the recorded tomograms.
A final technique was then developed to measure changes in fracture aperture in the
systems where direct segmentation was not feasible. This method relied on calculating
the mean greyscale value for each orthogonal slice moving down the length of the sample
normalized by the average greyscale value of the intact bulk material along the length
of the sample. This mean greyscale value was influenced significantly by the cone beam
angle effects of the x-ray source, causing the further ends of the plug sample to have a
higher shift in overall grey values than the center of the sample in the axial direction.
This results in having values greater than 1 in the normalization that ideally would shown
a measure porosity, but is affected by the shift in greyscale values. These normalized
curves are shown in figure 6.22, where the direction of flow took place in the direction
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of increasing slice number. One final correction was applied to the normalized data to
take into account the apparent change in x-ray absorption over the length of the sample
caused by the cone beam used in the micro-CT x-ray source, resulting in the observed “U”
shape. This correction was performed by fitting a quadratic equation to the maximum
confining pressure curve. This curve was selected for the basis of correcting the cone
beam effect as the observed response of an intact sample.
(a) Uncorrected normalized curves.
(b) Corrected normalized curves.
Figure 6.22: Uncorrected and corrected normalized mean grey scale value of x-y plane orthog-
onal slices along length of sample for different stress systems.
These curves show four unique stress situations applied to the fractured system. The
initial system shows large fluctuations in void spaces while moving along the length of
the core due to the fracture having never been compressed at this point allowing weak
asperities to maintain a large void space. The compression of these asperities is what
gives rise to the extremely uniform curve as seen for the maximum confining pressure
system from almost full closure of the fracture. The maximum pressure drop system
shows the one sided dilation of these fractures following compaction from the variation in
effective pressure along the length of the sample. The final maximum pore pressure curve
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then shows the slight widening of the fractures again, with slight hysteresis remaining
from the maximum pressure drop system, but still largely smoothed due to the asperity
compaction.
6.3.3 Surface Scanning Electron Microscopy (SEM)
Surface scans using Imperial College London’s electron microscope facility were recorded
for the 150 nm and 50 nm ceramic samples, the Hontomin shale sample, the Brightling
Anhydrite, and the middle eastern evaporite sample. Scans were recorded on fracture sur-
faces to avoid alterations from cutting and polishing equipment. Surface images recorded
at two different magnifications for the 150 nm and 50 nm ceramic show slight differences
in grain structure and porosity. The low magnification surface images for both ceramic
samples can be seen in figure 6.23.
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(a) 150 nm Ceramic
(b) 50 nm Ceramic
Figure 6.23: Low level magnification SEM surface image of fractured surface of ceramic sam-
ples.
Higher resolution images reveal more about the differences of the grains used in the
manufacturing of the ceramics. The 50 nm ceramic sample appears to consist of more
(geometric in nature) crystalline/faceted grains, while the 150 nm sample has much more
amorphic grains. These characteristics were most likely used to achieve different packing
characteristics in an attempt to alter pore body and throat sizes. High resolution scans
showing improved images of material grains can be seen in figure 6.24.
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(a) 150 nm Ceramic
(b) 50 nm Ceramic
Figure 6.24: High level magnification SEM surface image of fractured surface of ceramic
samples.
Similar SEM images were also recorded for the Brightling anhydrite sample showing
changes in local sample pore space characteristics and morphology. There appears to
be regions of massive crystals with regions of smaller platelet like grains surrounding.
These smaller regions of platelets surrounding the larger crystals may be a result of the
fracturing process, and not a characteristic of the intact material. Very little porosity
could be observed in any of the anhydrite samples. These effects could be avoided through
the use of sample polishing to only expose intact material. Higher resolution images at
the crystal boundaries do appear to show that the platelet like regions extend into the
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sample as well. Low and high magnification SEM images can be seen in figure 6.25.
(a) Low Magnification
(b) High Magnification
Figure 6.25: SEM surface images of fractured Brightling anhydrite sample.
Surface SEM images were also recorded on the fractured surface of the middle east-
ern evaporite sample. The sample exhibited similar massive crystals to the Brightling
anhydrite sample, but was much more homogeneous in lacking regions of infilled ma-
terial. There appeared to be almost none of the small platelet regions as seen in the
anhydrite sample. The overall apparent porosity appeared to be extremely low, with
only very small pore space regions appearing in the high magnification image near the
crystal boundaries of the larger massive crystals.
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The surface SEM images for the middle eastern evaporite can be seen in figure 6.26.
(a) Low Magnification
(b) High Magnification
Figure 6.26: SEM surface images of fractured middle eastern Evaporite sample.
Finally, surface SEM images were also recorded for the Hontomin reservoir seal sample
at similar magnifications. This sample shows significant differences in grain and pore
space shape as compared to the previous synthetic and evaporite samples. The small
layered platelet like structure is very similar to other images of clay minerals [171]. It
is more difficult to make any assessment of sample porosity due to the varying planes in
which the platelets appears to form, giving the appearance of a solid material. Low and
high magnification surface images of the Hontomin sample can be seen in figure 6.27.
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(a) Low Magnification
(b) High Magnification
Figure 6.27: SEM surface images of fractured Hontomin Reservoir seal shale sample.
6.3.4 Focused Ion Beam - Scanning Electron Microscopy (FIB-
SEM)
Focused Ion Beam - Scanning Electron Microscopy 3D volume reconstructions were cre-
ated following the collection of sequential face images during the milling process as de-
scribed in the introduction of this chapter. This reconstruction was accomplished using
FEI’s Avizo software package. Sequential image slices are aligned via a least squares
method to calculate the minimum difference between two adjacent slices. The generated
volume then had final voxel dimensions of 5nm x 6.35 nm x 10 nm. SEM images are
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recorded with uniform pixel dimensions of 5 nm x 5 nm, but not perfectly perpendicular
to the sample face. The elongation of the y-axis voxel size is scaled to represent the
actual physical characteristics of the sample, with the scaling determined from the angle
at which the SE detector is aligned with the front face of the examined column.
A volume of interest was extracted from the two full volumes that were recorded for
the 150 nm and 50 nm ceramic samples. These volumes of interest were selected to
remove the surrounding left over milled material, and shadowing caused by overlapping
milled material covering the exposed column. A raw image from one of the initial slices
highlighting these removed regions can be seen in figure 6.28.
Figure 6.28: Raw SEM image recorded near the end of the image acquisition-milling sequence
of the 150 nm ceramic sample.
Following this extraction of a volume of interest, a non -local means filter was again
applied to remove image noise to aid in image segmentation [180]. A gradient in the
greyscale value of the solid material was then noticed in the 150 nm ceramic sample
acquisition that caused problems during image segmentation. A linear correction was
then applied to the reconstructed volume along each principal axis to create a more
uniform image. The plotted greyscale of a line in the direction of y- and z-axises is
plotted along with the linear fit used for the correction is shown in figures 6.29 and 6.30.
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Figure 6.29: Greyscale variation of recorded SEM image along y-axis in reconstructed FIB-
SEM volume of 150 nm sample.
Figure 6.30: Greyscale variation of recorded SEM image along z-axis in reconstructed FIB-
SEM volume of 150 nm sample.
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The extreme variations seen approaching zero and the large spikes are caused as the
observed curve passes through pores and the pore edge artifacts. These edge artifacts
are caused by the curve surfaces exposed leading into the pores that emit electrons in a
more favorable direction than the surrounding milled surface, resulting in an increased
brightness. These bright regions lead to additional problems in image segmentation as the
greyscale value surrounding the bright regions tends to drop back through the greyvalue
of the bulk milled material. This leads to the formation of small bridges of “solid”
material cutting into the sample pore space. The result of the initial image segmentation
performed with a simple thresholding method can be seen in figure 6.31. Again, a simple
thresholding method was used in favor of a more advanced segmentation method due to
these bridges leading to pores being incorrectly segmented.
Figure 6.31: Initial segmentation of pores from solid grains of 50 nm porous ceramic following
filtering of image set overlaid on a x-y orthogonal slice of the collected volume. Pull out section
shows improperly segmented regions within the solid material caused by image noise, as well as
incorrectly segmented regions around curved grain edges.
A closing algorithm was then applied to fill the small speckled regions left from image
noise. An opening algorithm was then applied using a 3x3 disk to remove these bridge
features from the solid [207]. The final segmentation of the 150 nm and 50 nm samples
can been seen in figures 6.32 and 6.33.
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Figure 6.32: Final segmentation of solid regions from pore space of 50 nm ceramic sample
following opening and closing algorithms. Regions shaded magenta were assigned to the solid
phase for all subsequent calculations.
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Figure 6.33: Final segmentation of solid regions from pore space of 150 nm ceramic sample
following opening and closing algorithms. Regions shaded red were assigned to the solid phase
for all subsequent calculations.
A close up comparison of the image segmentation before and after this artifact removal
can be seen in figure 6.34.
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Figure 6.34: Example region showing the segmentation where the high grey value artifacts
were assigned to the solid phase. The reduced pore space is labeled in red.
The porosity from each of these different segmentations along with the gravimetric
porosities from sample saturation experiments were then compared as seen in table 6.2.
Table 6.2: Comparison of porosity estimates.
Sample
Segmented Pores
(simple threshold only)
from FIB-SEM Porosity
Segmented Pores
(w/artifact elimination)
from FIB-SEM Porosity
Gravimetrically
calculated porosity
50 nm 6.57% 16.5% 15.2±0.5%
150 nm 12.73% 26.9% 28.3±0.3%
These results show that the porosity of the artifact corrected segmentation corresponds
quite well with the gravimetric porosity of the samples. This supports confidence in that
only the mean gray value should be selected for segmentation as solid space from the
SEM images, and not include the bright artifact regions. The distribution pore body size
of the different samples segmented pore space could then be calculated. The separate
objects module was employed in the Avizo software to separate and label each individual
pore within the connected network. This separation is achieved by building a distance
map of each pores voxel from its closest solid voxel [208]. A watershed algorithm is
then applied to this distance map starting from seeds at the center of each pore and
spreading until it meets its connected neighbor [209]. This meeting point is then used as
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the separation point of the different pores. The equivalent pore size diameter for each
of these identified pores was then calculated as the diameter of a sphere with the same
amount of volume as the individual pore. The distribution of these pore sizes for each
sample is shown in figure 6.35.
Figure 6.35: Calculated equivalent pore diameter distribution for the two ceramic samples
extracted pore space with the imaging artifacts eliminated from the segmented FIB-SEM images.
The similarity of these plots between the two samples was concerning due to the
manufactured labeling with different expected pore sizes, but an examination of the
mercury intrusion results as seen in the previous chapter on sample characterization, gives
more confidence to the method. Similar issues were also seen in comparing permeability
and capillary threshold pressures.
Numerical flow simulations were then completed using the lattice-Boltzmann method
[186]. Prior to running the flow simulation, the final segmented images were resampled
to a uniform voxel resolution of 10 nm x 10 nm x 10 nm for input as simulation geometry.
The fluid velocities as seen from one of the fluid flow simulations for the connected 3D
pore space can be seen in figure 6.36.
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Figure 6.36: Volume rendering of fluid velocity magnitudes calculated for the 50 nm ceramic
sample from the results of the Lattice-Boltzmann flow simulation in the z-axis (left face to right
face, slightly into page). The blue colors represent slower velocities and higher velocities are
shown in green then yellow. The overall size of this simulated volume is 5.66 µm x 6.76 µm x
13.38 µm.
The results from the fluid flow simulation single phase permeability for both the
unaltered image segmentation along with the artifact corrected segmentation were then
compared to fluid flow experiment measurements as shown in table 6.3.
Table 6.3: Comparison of experimental measurements of plug permeability and Lattice-
Boltzmann calculated single-phase permeability.
Sample # of experimental measurements
Measured
Permeability
(µDarcy)
LB determined
permeability
(simple thresholding only)
(µDarcy)
LB determined
permeability
(w/artefact elimination)
(µDarcy)
50 nm 9 7.9±0.2 0.2±0.1 5.6±0.3
150 nm 12 15.8±4.0 1.5±0.8 14.5±0.8
These results show that there exists a good agreement between the predicted perme-
ability of the ceramic samples to the experiment measurements.
6.3.5 Calcite Dissolution Experiments
Initial experiments were carried out to assist with the development of a particle-based
chemical dissolution fluid flow simulator based on the previously mentioned lattice-
Boltzmann fluid flow simulations in collaboration with fellow PhD student Farrel Grey.
These experiments were to serve as validation of predicted dissolution characteristics of
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direct pore space images. Initial trials were carried out in an attempt to match produced
data of simple carbonate geologic sample dissolution using water saturated with carbon
dioxide of fellow PhD student Dr. Hannah Menke’s experimental work. These initial
experiments were unable to match the experimental results, and a possible hypothesis
was proposed relying on chemical interactions not included in the numerical simulation
or geochemical literature.
The idea was proposed to then instead move to a simplified system using HCl acid
and pure calcite crystal samples to avoid sample effects and further simplify chemical
interactions. The initial experiment design was to use a milled acrylic channel with a
cleaved calcite crystal fixed in the center of the channel. The top to the model would
then be placed over the top of the channel with NPT taps bored near both ends of the
channel to allow for fluid velocities to stabilize. A significant length of empty channel
was designed on each end of the model before contacting the sample to avoid inlet and
geometry effects. The first experiment was performed at ambient conditions using a 0.1M
HCl acid solution monitored with an optical camera to monitor dissolution progression.
These first results were inconclusive due to the development of carbon dioxide bubbles
on the crystal surface obstructing fluid contact with the crystal sample. An image from
these first experiments can be seen in figure 6.37.
Figure 6.37: 3D representation of single phase fluid flow through segmented fracture system.
Fluid flow occurred from the left front face to the rear right face of the extracted void space.
Lighter colours represent areas of higher flow velocity with the darker blue being areas of lower
velocity.
These initial results are easily explained knowing the product of the dissolution of
calcite with an acid is carbon dioxide, but overlooked in the initial system design. It was
then decided to perform experiments at the elevated pressure of 5 bar to ensure carbon
dioxide produced was dissolved in system eﬄuent rather than creating a separate gas
phase in the system. This elevated pressure proved to be problematic in the mechanical
failure of about half of the models assembled using a two-compound epoxy to adhere the
two halves of the model together. Later experiments used an acrylic solvent to larger
success, but tended to contaminate the calcite cylinder surface.
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Experiments were then performed at these elevated pressures using 0.05M HCl acid,
with direct observation of the calcite sample produced via use of the micro-CT system.
The initial geometry of the calcite sample was recorded, then acid was allowed to flow
through the system for 4-8 hr intervals. After each dissolution interval, the system was
drained of acid and washed with deionized water to cease any further dissolution. The
model was then filled with a 20wt% KI brine to aid in image segmentation in the produced
tomograms. A orthogonal slice from one of these tomograms is shown in figure 6.38.
Figure 6.38: Orthogonal slice from calcite channel tomogram with KI brine. The calcite crystal
in the square shaped light grey region in the center of the image with the surround acrylic as
the darker grey value. The lightest regions surounding the crystal is the fluid flow path.
The volume of the calcite crystal was calculated for each of the tomograms recorded
and used to determine the amount of material dissolved after each dissolution interval.
Two experiment flow rates were examined at 0.57 mL/min and 0.285 mL/min. These
two flow rates were selected with 0.57 mL/min matching the mass flow rate of acid to the
expected surface reaction rate of the calcite samples. The second lower flow rate would
then be expected to be a mass transport limited reaction. The results from these tests
along with simulation results are shown in figures 6.39 and 6.40.
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Figure 6.39: The change in normalized volume of the calcite block samples with experiment
flow time.
Figure 6.40: The change in normalized volume of calcite block samples with total ammount
of acid passed through model.
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These results show that the reduction in flow rate from the initial experiment may
still be too high to examine the mass transport limited scenario as no change in dissolved
calcite rate has appeared to occur with a lower injection flow rate. The numerical simu-
lation was able to closely match these results showing promise in capturing experiment
behaviors. Experiments were then changed to involve a calcite cylinder with a 3mm bore
through the center to avoid issues with adhesive strength. These new experiments could
then be performed under a confining pressure in the plug sample fluid flow apparatus to
allow for an elevated pore pressure beyond the mechanical limitations of the acrylic mod-
els. The calcite cylinder samples were loaded into the carbon fiber core holder and placed
inside the micro-CT. A 0.05M HCl acid was again passed through the calcite cylinder
samples at a flow rate of 0.168 mL/min to again try to observe the transport limited
dissolution behavior of the pure calcite system. The initial geometry of the system was
once again captured via tomography and exported for use in the dissolution numerical
simulation. The results of two experiments performed at the same conditions along with
the numerical simulation results can be seen in figure 6.41.
Figure 6.41: The overall ammount of calcite dissolved from each sample normilized by the
length of the sample variation with time.
These results were less promising than the previously observed calcite block disso-
lution. The numerical simulation is seen to greatly overestimate the rate at which the
bored calcite cylinders dissolve. The two experimental results have a slight variation that
may be due to the flow path variations of the acid in these systems due to the difference
in sample length. A final comparison was compiled of all datasets being normalized by
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the initial exposed surface area of each calcite sample as seen in figure 6.42.
Figure 6.42: The number of moles of calcite dissolved from both calcite block experiemnts
and bored cylinder experiments normalized by the inital exposed surface area of the samples,
as a flunction of flow time.
These results show that there is a distinct change in numerical simulation behavior
between the two different geometries. The experiment results compare quite well again
with good agreement between the initial calcite block simulation and the calcite block
experiment results. There is a slight reduction in calcite dissolution rate seen in the bored
calcite cylinder experiments that may be the result of the experiments approaching the
mass transport limited regime. This limitation would cause a reduction in the calcite
dissolution rate due to the limited availability of hydrogen ions.
6.4 Conclusions
The sum of this work has shown the numerous advantages to using various imaging
techniques in the characterization of porous media and in the further enhancement of
experiments. The use of medical CT scanning allowed for the early elimination of the
Opalinus shale sample from experiment consideration. The possibility of future develop-
ments involving the use of the in-situ fluid flow apparatus to capture larger scale sample
behavior under reservoir conditions may yield additional insights into fluid displacement
179
behavior studies and other future work.
The use of micro-CT dry scan imaging proved to be largely qualitative in the initial
assessment of plug samples. The lack of observable pore space variation in most geologic
samples supported evidence of plug scale homogeneity in samples extracted from the
larger provided samples, but lacked quantitative conclusions provided with direct pore
space imaging. Future sample imaging could continue to be used to observe for the
presence of preexisting fractures that were problematic in the saturation of clay rich
samples.
The micro-CT dry scans also provided the initial observation of the infilled fracture
characteristics as seen in the anhydrite sample that could be of use for geomechanical
studies of fluid flow behavior in previously fractured systems. Evidence seen in the partial
dissolution of evaporite samples could also be used for future plug drilling operations
to ensure minor sample alteration has occurred during drilling. The examination of
sample semivariance in the ceramic samples further supported qualitative arguments in
the homogeneity of the observed samples, and could continue to be used in the future
assessment of other samples.
The study of the fractured Long Lane Quarry shale sample showed the potential for
the direct observation of fracture behavior under various stress conditions. These results
showed the closure and asperity smoothening effects of increased overburden stresses as
well as fracture dilation caused by large pore pressure gradients. The sample permeability
was observed to decrease as expected with increasing effective stress, but remaining
largely unchanged under large pressure gradients. Only once pore pressure was raised
in the downstream portion of the sample was permeability observed to increase again
to levels similar to the initial permeability. Numerical flow simulations of the fractured
system were found to be in relative agreement with the predicted permeability of the
largest two fractures running through the length of the sample. These simulation results
were also found to greatly overestimate the only measured experiment permeability with
no clear reason for the large discrepancy. This difference in permeability may have been
caused by fluid distributions in the inlet and outlet stainless steel plug fittings, but could
not be reconciled with the simulation results directly.
The observation of calcite crystal dissolution behavior with HCl acid provided evi-
dence for the continued improvement of the dissolution numerical simulation. Several
experiment iterations further refined the experimental process to allow for the observa-
tion of system behavior at elevated pressures and temperatures in future work. Initial
comparisons of experiment results to numerical simulations showed promise in predicting
dissolution behavior, but became problematic in the implementation of a slightly more
complex bored design. The continued improvement of this work will yield results helpful
in the understanding and prediction of not only acidic systems, but also undersaturated
dissolution of evaporite minerals.
SEM and FIB-SEM imaging allowed for the full exploration of the ceramic and geologic
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samples at the pore scale level providing both qualitative and quantitative results. The
SEM surface scans allowed for the qualitative assessment of sample heterogeneity and
potential fluid flow pore space. The surface scans also proved to provide information
regarding the overall composition of examined materials and formation characteristics.
FIB-SEM imaging allowed for the full 3D direct pore space imaging of the ceramic
samples. Numerical flow simulations were able to accurately predict the flow properties
of these samples using these 3D reconstructions. This accurate prediction is the first
of its kind showing the validity of predicted fluid flow behavior from images extracted
from FIB-SEM imaging. The continued development of these predicative approaches in
samples with a pore body and throat sizes below 1 µm will be very useful for future
studies of geologic seal samples and other applications relying on the images obtained
from FIB-SEM.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
Mercury intrusion results were shown to include artifacts from the inclusion of fragment
sample contact points. A modification was then proposed to rectify these results with
those of gravimetric and direct imaging porosity measurements by eliminating the large
initial pore throat size peak found in all samples.
The permeability of several low permeability samples representing the main classes
of cap rock was examined under the effect of varying effective stresses. The response of
permeability to an increase in effective pressure was shown to follow a decreasing trend
similar to those as previously reported in the literature. Following a minimum observed
permeability, the application of additional confining fluid pressure resulted in a increase
in sample permeability. This increase in permeability is believed to be from the formation
of micro-fractures within the sample pore space. These micro-fractures were then shown
to close as stress was relieved, observed as a decrease in permeability back to a value near
the sample minimum. The permeability of the sample did not recover to it’s initial value,
presumably from irreversible sample compaction. This micro-fracturing was confirmed
from a substantial decrease in sample capillary threshold pressure with the increase in
sample permeability observed at high applied stresses.
Previously reported techniques for the measurement of capillary threshold pressure
were examined along with the development of a novel technique. Traditional stepwise
capillary threshold pressure measurements were recorded for the ceramic and geologic
samples. The dynamic method was further investigated showing good agreement between
calculated threshold pressure and the results of the traditional technique. Capillary
threshold measurements were recorded for several geologic samples. The change in sample
capillary threshold pressure with varying effective pressure showed significant changes in
measured values under varying stress conditions, following similar but inverted trends
to permeability. The novel pressure decay capillary threshold pressure technique was
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built on the measurement of the pressure response of a downstream fluid reservoir, as
opposed to fluid volume measurements in the dynamic method. This novel technique
was shown to provide accurate results when compared to the other techniques using
the ceramic samples, and has the potential for further advancement in experimental
equipment development and interpretation.
Sample imaging techniques were employed in various spacial observations. Medical
computerized tomography scanning was used in determining initial sample quality. Com-
puterized microtomography plug sample imaging was used in the qualification of sample
homogeneity in the majority of cap rock samples. Micro-CT scanning also was used in
the direct imaging of a fractured system’s response to changes in pore and confining fluid
configurations with comparisons to numerical and analytical predictions of fluid flow be-
havior. SEM imaging capabilities were used in the qualification of sample pore space sizes
and homogeneity. FIB-SEM imaging was used in the novel application and prediction of
fluid flow properties of 3D volumes extracted using 3D volume reconstruction technique.
These predictions showed that the fluid flow behavior as predicted by Lattice-Boltzmann
fluid flow simulations based on FIB-SEM derived pore space geometries closely match
those of plug scale measurements.
7.2 Future Work
The difference in permeability measurements between steady-state and pressure decay
techniques still shows a 30-35% discrepancy that should be further explored. No varia-
tions in fluid properties were significant enough to remedy the discrepancy, leaving po-
tentially unexplored sources of error responsible for the measurement difference. Micro-
to nanodarcy permeability control samples have been manufactured for larger core holder
assemblies composed of a single capillary embedded in steel cylinders that could be used
in future experiments for method troubleshooting and to measure system accuracy. An
additional flow line connecting to the plug sample inlets would allow for the wetting
phase to be swept from the face of the core samples without disassembling the core
holder. This additional flow line would also allow for fracture-matrix interaction studies
to be performed across the face of a plug sample.
The trends shown in the relationship of sample permeability with applied pressures
were similar for all the cap rocks measured with an increased sample permeability at high
applied pressures. This increase in permeability was postulated to occur with the creation
of micron-scale fractures within the sample pore space. This hypothesis is supported
with the measured decrease in sample capillary threshold pressure after this increase in
permeability occurs. This pore space micro-fracturing may be detectable in variations of
sample porosity with sub-voxel imaging techniques using the micro-CT fluid flow system.
FIB-SEM imaging could be employed to examine virgin and post-experiment sample pore
spaces for variations caused by the formation and resealing of these fractures. The use
of strain gauges in the flow cell assembly may also indicate changes in sample geometry
and pore space. The use of acoustic monitors may be able to detect fracturing events
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and location as well.
Sample capillary threshold pressure measurements will continue to yield important
results for reservoir site selection and the observation of fluid interactions in observed
samples. A standard brine was used in experiments focused on clay-rich samples ne-
glecting important fluid flow phenomena that may be present in real systems of varying
pore fluid composition. Experiments focusing on changes in sample behaviour with in-
jected well fluids and existing reservoir brines may yield further insight into real system
behaviours. Similarly, saturated brines and deionized water were used in the evaporite
experiments which again will neglect the impact of real system fluids on sample be-
haviour. Geochemical interactions and changes in fluid flow behaviour may also play
crucial roles with acidified brine systems during carbon dioxide sequestration operations.
The susceptibility of cap rock formation alteration to occur during hydrocarbon produc-
tion operations remains largely unexplored compared to the high level of interest in the
use of previously exploited reservoirs for carbon storage.
The measurement of the relative permeability of the wetting and non-wetting phases
through low permeability samples remains larger unexplored when compared with reser-
voir host rocks. Experiment time scales are often the largest limitation in recording these
characteristics for low permeability systems, but importants insights may be recoverable
from further analysis of post-capillary breakthrough measurement of fluid production
from samples used in capillary threshold pressure measurements.
Sample selection for experiment examination should always be closely examined, that
could be improved through the use of standardized samples through the community to
allow for greater comparison of laboratory results. Opalinus shale samples have shown
to be increasing used in many studies that may continue to be widely available for study
with cooperation from the laboratory located in Switzerland. Well cements also have an
extremely low presence in laboratory studies in comparison to the concerns raised over
the effectiveness of sealing abandoned wells in potential sequestration sites.
Further exploration of fractured system fluid flow behaviours is warranted as the
most likely detrimental event in sequestration operations. Fluid flow simulations of the
extracted fracture network failed to accurately predict the permeability measured for the
sample. Additional work is recommended to increase simulation accuracy. Although the
ideal reservoir seal would be free of any imperfections, real systems often have fractures at
various length scales present from depositional history. These fractured systems will play
an important role in any leakage scenarios in the long term storage of carbon dioxide.
Previous observations have shown the potential of self healing characteristics of both
evaporite and clay-rich reservoir seal fractures from geochemical interactions in pore
fluids. Future experiments along with advancement of in-situ imaging capabilities would
allow for the quantification of any self healing behavior and driving mechanisms.
FIB-SEM imaging continues to be on the leading edge of pore space observations for
tight formation characterization in both gas-shale exploitation and reservoir seal analysis.
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The observation of the pore space present in geologic samples will yield results important
for the larger interpretation of sample fluid behavior and the effect of various system
processes on sample characteristics. Medical CT and micro-CT imaging techniques still
have the potential of providing important results in understanding plug and core scale
fluid flow observations lacking in the tight core analysis scientific community compared
to that of more traditional reservoir rocks. These observations would also serve in the
further improvement of predictive numerical simulations of tight systems.
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E-theses letter template: request to reproduce an extract from 
a third party's published work 
22/08/2016 
Dear OGST - Revue d'IFP Energies nouvelles, 
  ✁✂ ✄☎✂✆✝✞✟✠✡☛ ✂☞ ✌✍✎ ✟✍✞✏✠✏ ✁✟  ✂✆✞✑✠✁✝ ✒☎✝✝✞☛✞ ✓☎✡✔☎✡ ✞✡✟✠✟✝✞✔ ✕Imaging and 
Fluid Flow Measurements of Reservoir Cap Rock and Ceramic Analogues✖✗ 
I seek your permission to reprint, in my thesis an extract from: J. Cook, ✘The effects 
of pore pressure on the mechanical and physical properties of shales," Oil & Gas 
Science and Technology, vol. 54, no. 6, pp. 695-701, 1999. The extract to be 
reproduced is: Figure 1: Scanning electron microscope image of Jurassic shale from 
the Kimmeridge clay formation at Kimmeridge Bay, Dorset, England. The image 
shows a matrix of illite and kaolinite clay plates with good local alignment, containing 
more equiaxed and (in general) much larger particles of silica and calcite. Note that 
very few of the latter touch one another; the continuous phase is the clay. The image 
width is 37 microns. 
I would like to include the extract in my thesis which will be added to Spiral, 
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to 
the public under a Creative Commons Attribution-NonCommercial-NoDerivs licence. 
If you are happy to grant me all the permissions requested, please return a signed 
copy of this letter. If you wish to grant only some of the permissions requested, 
please list these and then sign. 
Yours sincerely, 
 
Nathan Welch 
Permission granted for the use requested above: 
I confirm that I am the copyright holder of the extract above and hereby give 
permission to include it in your thesis which will be made available, via the internet, 
for non-commercial purposes under the terms of the user licence. 
[please edit the text above if you wish to grant more specific permission]  
Signed: 
Name: 
Organisation: 
Job title: 
Figure 9.5: Permission to reproduce figure 2.9.
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E-theses letter template: request to reproduce an extract from 
a third party's published work 
23/08/2016 
Dear Journal of Electronic Science and Technology, 
  ✁✂ ✄☎✂✆✝✞✟✠✡☛ ✂☞ ✌✍✎ ✟✍✞✏✠✏ ✁✟  ✂✆✞✑✠✁✝ ✒☎✝✝✞☛✞ ✓☎✡✔☎✡ ✞✡✟✠✟✝✞✔ ✕Imaging and 
Fluid Flow Measurements of Reservoir Cap Rock and Ceramic Analogues✖✗ 
I seek your permission to reprint, in my thesis an extract from: D. H. Trinh, M. Luong, 
J.-M. Rocchisani, C. D. Pham, H. D. Pham, and F. Dibos, ✘An optimal weight method 
for ct image denoising," Journal of Electronic Science and Technology, vol. 10, no. 2, 
2012. The extract to be reproduced is: Figure 1.(a). 
I would like to include the extract in my thesis which will be added to Spiral, 
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to 
the public under a Creative Commons Attribution-NonCommercial-NoDerivs licence. 
If you are happy to grant me all the permissions requested, please return a signed 
copy of this letter. If you wish to grant only some of the permissions requested, 
please list these and then sign. 
Yours sincerely, 
 
Nathan Welch 
Permission granted for the use requested above: 
I confirm that I am the copyright holder of the extract above and hereby give 
permission to include it in your thesis which will be made available, via the internet, 
for non-commercial purposes under the terms of the user licence. 
[please edit the text above if you wish to grant more specific permission]  
Signed: 
Name: 
Organisation: 
Job title: 
Figure 9.7: Permission to reproduce figure 2.11.
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Figure 9.9: Permission to reproduce figure 2.17.
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